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Abstract 
During retinogenesis, retinal cell proliferates and differentiates from a single 
neuroblastic layer into a complex neurosensory tissue containing 10 distinct cell 
layers which compose of six types of neurons and one type of glial cell. To establish 
a comprehensive picture of RNAs important for retinal cell development and 
differentiation, we characterized the coding and non-coding RNA expression of 
human retina during early fetal development. Human retinas from gestational week 
9 to 15 were collected from fresh eyeballs through legal termination of pregnancy. 
Using microarray approaches, we generated a comprehensive gene expression and 
microRNA (miRNA) expression profile of the retinal progenitor cells to their 
immediate differentiated retinal cells. Highly upregulated genes in microarray data 
at gestational week 9 and week 15 were validated and quantified by real-time PCR. 
In situ hybridization was performed to identify and confirming the spatial 
distribution of miRNA in retinal tissue. In gene expression, 27,814 (67.7%) unique 
probes were expressed from retina samples. It was found that genes important for 
retina differentiation and proliferation including ATOH7, HESl, HES5, and PAX6 
are highly expressed. Annotation by KEGG pathway analysis revealed that those 
expressed genes were largely involved in axon guidance, cell cycle and Wnt 
signalling which highlighted the complex transcriptional hierarchy governing retina 
i 
differentiation. To our surprise, only fifty-eight percents of the non-redundant 
expressed genes from our data matched the currently available retina databases. The 
remaining 42% (8,845) genes corresponded to previously unidentified transcripts in 
human retina. In addition, we identified a cluster of highly expressed genes 
(> 12-fold) that are responsible for neurogenesis and synaptogenesis including DLX2 
and GAL and preferentially expressed on week 9, while genes for cell differentiation 
and synaptic activity {INHBB and SLCIA 7) were significantly up-regulated on week 
15. Global miRNA expression profiling studied on the same set of retina samples 
implicated that miRNAs known to be important for retinal development in animal 
models, including miR-124a, miR-130a and miR-204 were highly expressed in 
human fetal retinas. In addition, a new cluster of miRNAs, including miR-19b’ 
miR-20a and miR-106h were identified. This dataset not only infer the tight 
interaction between miRNA and targeted gene transcription, the mRNA expression 
profile also provides comprehensive data to study the pathways and regulatory 
networks important for retinal development in vivo. Our investigation not only 
provides the first and most comprehensive gene and miRNA expression profiles 
during early human fetal retina development. The identified novel genes (GAL and 
DLXl) and microRNAs (miR-19b and -20a) that were temporally expressed in 
ii 
developing human retina are worth for further functional investigations to gain 













仍有 4 2 % (8,846)基因未能識別°此外，我們發現一些與神經形成和突觸發生 
有關的基因 � D L X 2 和 G A L ) ’在胚胎的第9周呈高表達(>12倍），而與細胞 
分化和突觸形成有關的基因卿 B B 和 S L C 1 A 7 ) ，在胚胎的第 1 5周呈高表 
達。來自相同視網膜組織的miRNA表達圖譜顯示，動物模型中發現的在視網 




圖譜，還發現了在人視網膜發育中短暫表達的基因 D L X 1 和 C N T m 和 
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Chapter 1 Introduction 
1.1 Overview of Human Eye Developmental Process and Structure 
Eye is one of the most complex organs in human body. A mature human eye is 
about 24mm (1 inch) in diameter and weighs approximately 7.5 grams on average. It 
is a spherical-shaped structure and only about one-sixth of the globe is explored as 
eye front (Apple et al, 1998; Forrester et ai, 2002). The enclosed part of eye is 
protected by surrounding adipose tissue and bony orbit. This tiny organ contains 
many parts which work together perfectly to give a quality sense of sight. It receives 
light signals from different wavelengths, converts the energy to biochemical nerve 
signal in retina and then further transmits the signal to our central nerve system 
(CNS). To create such sophisticated organ, the development process is intricate but 
very precise. This event starts as early as week two of human gestation when cells 
undergo active cleavage, proliferation, tissue specification and morphogenesis. The 
development process continues rapidly until the sixth month of human gestation 
when all the functional structures are fully formed. The eye volume keeps on 
increasing onward until age of 3 when the eyeball reaches adult size with full visual 
acuity (Lens et al., 1999)/ 
1 
1.1.1 Developmental Process of the Eye 
Base on the active invagination of optic vesicle at early human gestational 
week 4, bilayer optic cup forms (figure 1.1). In optic cup, 3 major parts can be found: 
optic stalk, small pigment granules (outer layer) and neural retina (inner layer). 
Optic stalk connects with neural ectoderm (which is the presumptive prosencephalon 
/ forebrain region) and becomes the future optic nerve. Small pigment cells contain 
melanin granules are deposit on the wall of outer optic cup and become retinal 
pigment epithelium at the fifth week of human gestation (Wu et ai, 1995; Forrester 
et ai, 2002). For the inner layer of optic cup, it further extends and thickens to form 
neural retina. 
On the other side, before the formation of optic cup, lens placode can be found. 
Lens placode locates on the surface ectoderm and stands side by side with optic pit 
on the neural ectoderm. Synchronously, both with optic pit and lens placode 
invaginate at the same time to form optic cup and lens vesicle respectively (figure 
1 . 1 ) . 
At the beginning of gestational week 5, the invagination of lens placode and 
optic cup complete. Lens vesicle separates from surface ectoderm and fills the cavity 
of optic cup to from a basic structure of the lens. As the lens separates from surface 
ectoderm, this surface ectoderm layer becomes future corneal epithelium. Upon the 
2 
migration of mesenchymal cells from neural crest to the rim of optic cup, corneal 
stroma forms subsequently (figure 1.1). The migration waves of mesenchymal cells 
also lead to the differentiation of ciliary muscle and iris stroma around the margin of 
optic cup (Bron et a/.，1997) and the formation of choroid and sclera around the 
external surface of optic cup. Another signature development at gestational week 5 
is the formation of hyaloid artery and branches to nourish the eye development 
process. Hyaloid artery degenerates on the third trimester and failure of this process 
lead to the congenital glaucoma (Goldberg, 1997). 
A I. At-
At the 6 week and 7 week, a closure of embryonic fissure occurs anteriorly 
to the rim of optic cup and posteriorly towards the optic stalk (Barishak et ai, 1992). 
The basic elements of eye appear and the eye parts continuously differentiate and 
growth. In retina, the inner layer of optic cup continuously thicken and cells undergo 
rapid proliferation from germinative zone to prepare the formation of different cell 
types in the following weeks. 
1.1.2 Anatomy of Human Eye 
Human eye can be coarsely separated into anterior and posterior segments. The 
anterior segment contains cornea, iris, ciliary body and lens while posterior segment 
includes vitreous humour, retina, choroid, sclera and optic nerve (figure 1.2). 
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1.1.2.1 General Structure and Function of Human Eye 
Sclera 
The posterior segment embedded by eye wall which consists of 3 layers: sclera, 
choroid and retina. Sclera is the outer layer of eyeball which consists of collagen and 
elastic fibre. It is used to maintain the globular shape of eye and resist from external 
and internal forces. This structure also provides attachment to rectus muscle 
insertions for eye movement. 
Conjunctiva 
On the visible part of sclera (also called eye white), a mucous membrane called 
conjunctiva can be found. Conjunctiva is made up of lymphoid tissue. It maintains 
the moisture and lubricant the eye by producing mucus and tears. 
Cornea 
Sclera bound to cornea by cornea limbus. Cornea is a transparent front part of 
eye which refracts light through pupils to lens. This eye part contribute two third of 
refractive power to refract light from air through the tissue part (cornea) to the 
aqueous humour. Cornea contains 5 layers: epithelium, anterior limiting membrane, 
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substantia propria posterior limiting membrane and endothelium. It contains very 
high concentration of nerve fibre, making it very sensitive to pain. 
Uveal tract 
Choroid lies between retina and sclera, is the second layer of eye wall. It 
contains dark melanin pigment to prevent reflection of light. It consists of blood 
vessels and connecting the ciliary body and iris to form uveal tract which nourish 
retina and many parts in eye. Iris consists of pigmented fibrovascular tissue which 
connects with 2 set of muscles: sphincter pupillae and dilator pupillae. These 2 set of 
muscles control the size of pupil for light entering by contraction and dilation. 
Ciliary body connects with iris and attaches to lens. It is a circumferential tissue and 
contains 3 sets of ciliary muscles: longitudinal, radial and circular muscles. Theses 
muscles attach to lens through zonule of Zinn. When the ciliary muscle relaxes, lens 
becomes flattened which leads to the focus of far object. When the muscles contracts, 
the curvature of lens increased and the focus of near object can be enhanced. 
Another role of ciliary body is the productions of aqueous humour which 
responsible for nourishing lens and cornea. 
5 
Lens 
Lens is biconvex structure and the main constitution is stable transparent 
protein, crystallines. Lens is embedded by a capsule bag which connects with ciliary 
body by zonule of Zinn. Although lens has a lower optical power compares with 
cornea, it can fine focus the light ray on retina by controlling the lens thickness and 
curvature. 
Retina and Optic nerve 
Retina is the inner most layer of posterior segment of eye wall. It contains 
photoreceptor cells (rod and cone) and other intermediate neurons for signals 
transduction and editing. The overall thickness throughout the retina is about 300 
i^m except the fovea region (around 100 |xm) (Oyster et al” 1999) in which only the 
highly responsive cone cells can be found in fovea. In retina, photoreceptors receive 
light signal which is converted into electrical signal immediately and then transmits 
from cell to cell and finally to retinal ganglion cells. Retinal ganglion cell situates in 
the inner most layer of retina. This cell type contains long axon arm which 
converges from different parts of retina, projects to optic nerve head and then 
connects to CNS. As a result, optic nerve is a bundle of ganglion cell axons. Optic 
nerve contains about 1 million axons with 2 mm in diameter for the whole bundle. 
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Those nerve fibres pass through optic canal behind the eye and both optic nerves 
from each eye join together in optic chiasm. Optic chiasm is the cross street for the 
axons fibres redistribution from different parts of retina. At this intersection point, 
the axons are either cross to the opposition side (contralateral projection) of the 
brain or remain on the same side (ipsilateral projection) depends on the original 
region of the axon on retina (the detail of axon path will be further discuss in section 
1.1.1.2.7). 
1.1.2.2 Functional Architecture of Retina 
After light passes though different eye parts from the anterior and posterior 
segment of the globe, it finally reaches the final destination - the retina. In fact, this 
is the beginning of another story as energy transfer starts here. Retina is the most 
complex part in eye. As an extension part of CNS, neuroretina shares the same 
complexity but highly organized as brain neuronal network. In retina, 10 layers with 
6 types of neuron cells and 1 type of glial cell can be found (figure 1.3). In brief, 
retina can be classified into inner retina (attach to vitreous humour) and outer retina 
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(attach to choroid). Inner retina consists of ganglion cells and amacrine cells while 
outer retina contains retinal pigment epithelium (RPE), photoreceptor cells, 
horizontal cells and bipolar cells. 
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1.1.2.2.1 Photoreceptor Cells 
In general, human contains 2 types of photoreceptor cells: cone and rod. In 
addition, human cone cell can be further classified into 3 types depends on the 
wavelength absorption spectrum of photopigments. There are about 100 million rods 
and 5 million cones in human retina (Forrester et al.’ 2002). Photoreceptor cells 
contains 5 parts: outer segment, connecting cilium, inner segment, cell body, axon 
and terminal. This cell extends from photoreceptor layer through external limiting 
membrane and outer nuclear layer to outer plexiform layer. In retina, the process of 
energy transfer from light to biochemical signal is called phototransduction. It 
happens in the photoreceptor layer where outer segment of photoreceptor cells can 
be found (figure 1.4). The outer segment fill with bilayered discs in which particular 
photopigment locates. Human retina has four photopigments. Each photopigment 
contains opsin portion and retinal portion. Retinal part is aldehyde form of vitamin 
A. In short, the phototransduction cascade is triggered when photon activates retinal 
which leads to retinol-opsin complex binds with G protein on photoreceptor disc 
membrane. The tandem reactions result to the release of glutamate from the axon 
terminal in outer plexiform layer. Then the signal begins to propagate layer by layer 
within the retina. 
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1.1.2.2.2 Bipolar Cell 
The signal transduction in retina can be classified as vertical pathway and 
lateral pathway (figure 1.3). For vertical pathway, signals release from 
photoreceptor cells directly transfer to bipolar cells, ganglion cells and then CNS. 
Bipolar cells situate on the inner nuclear layer. As the bridge between photoreceptor 
cells and retinal ganglion cells, there are several pathways for signals transfer. The 
simplest pathway is one-to-one wiring where one photoreceptor cell connects with 
one bipolar cell and then one ganglion cell. This pathway commonly happens in 
foveal region in order to have the highest sensitivity to light and spatial resolution. 
Another pathway is divergent wiring (Forrester et al., 2002). In this pathway, a cone 
cell transfers signals to 2 bipolar cells in which each bipolar cell connects with its 
own ganglion cell. For the convergent wiring, a group of photoreceptor cells connect 
with a small group of bipolar cell in which the axons converge to one ganglion cell. 
The advantage of the convergent wiring system is that it can increase the sensitivity 
of light in the dim environment by gathering signal from many photoreceptor cells 
and then trigger the threshold of retinal ganglion cell for signal firing. 
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1.1.2.2.3 Horizontal Cell 
For the lateral pathway in outer retina, horizontal cells make connection 
between photoreceptor cells in outer plexiform layer and then to converge the 
signals to bipolar cells (figure 1.3). This action aims to mediate the messages input 
from surrounding photoreceptor cells laterally and gathers the information together 
in horizontal cell before passing to bipolar cell. This kind of signal transduction 
pattern can give rise to the spatial change and recognition by comparing and 
contrasting signals received from different photoreceptor cells. 
1.1.2.2.4 Amacrine Ceil 
Similar to horizontal cell, amacrine cell, which locates on the inner nuclear 
layer，is another lateral pathway to edit signals in the inner retina region. However, 
the communication networks are much complicated. The connection can be 
amacrine cell to amacrine cell, amacrine cell to bipolar cell or amcarine cell to 
ganglion cell (figure 1.3). These complex connections can increase the contrast and 
sensitivity of dim and bright light on the same object reflection. The exaggerated 
signals received from different photoreceptor cells result to create a 3D image in our 
brain. 
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1.1.2.2.5 Interplexiform Cell 
Interplexiform cell is an unusual cell type locates in inner nuclear layer in 
which signals received from bipolar cells or amacrine cells are mediated by 
interplexiform cells, and then transfer back to horizontal cell or bipolar cell. Study 
from Zhen and Jiang (2007) shows that glycinergic synapse was found on 
interplexiform cells and it is important for the network feedback mechanism in rat's 
retina. This feedback mechanism allows amplification or reduction of the edited 
signals by redirecting the signal back from inner retina to outer retina. 
1.1.2.2.6 Muller Glial Cell 
Structurally, Muller cells extend from the inner segment of photoreceptor cells 
to the interface between retina and vitreal. The nuclei of Muller cells locate in inner 
nuclear layer. They form inner limiting membrane on the vitreal surface to separate 
retina from vitreous humour and create a tight junction with inner segment of 
photoreceptor cells in external limiting membrane. The elongated structure occupies 
15% of the retinal volume (Oyster et al, 1999). The main function of this cell is to 
regulate the ion balance between outer plexiform and inner plexiform layer. 
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1.1.2.2.7 Retinal Ganglion Cell 
Mature human retina consists of 1.5 million RGC with a large spatial gradient 
from the centre to peripheral region within the ganglion cell layer. There are five 
types of RGC which classification is mainly base on the axon target at the lateral 
geniculate nucleus (LGN) located in thalamus. The 5 types of RGCs are midget GC 
(MGC), parasol GC (PGC), bistratified GC (BGC) and photosensitive/giant GC 
(GGC). MGC contribute 80% of cell in the ganglion cell layer with slow conductive 
velocity. It projects to parvocellular layer of the LGN and response to change in 
colour. PGC, in contrast, have high conductive velocity and project to magoncelluar 
layer which is sensitive to low-contrast stimuli. BGC has a moderate spatial 
resolution, moderate conduction velocity and sensitive to moderate-contrast stimuli. 
This GC cell type is ON to blue cone and OFF to red and green cone. GGC is 
photosensitive and contains photopigment, melanopsin. This type of cell projects to 
the suprachiasmatic nucleus (SCN) to maintain circadian rhythms (Buser et ai, 
1992). 
1.1.3 Embryology of Human Eye 
Embryogenesis begins when the cleavage of fertilized egg starts in oviduct and 
implantation occurs in rich endometrial lining of the uterus (Forresster et al., 2002). 
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The subsequence events lead to the formation of mesoderm, ectoderm and endoderm 
which are the building blocks for the whole human body. Neurulation starts 
immediately after the germ layers formed and it is the first stage of organogenesis. 
Neurulation begins when neural plate (also called neural ectoderm) forms on 
ectoderm and the plate starts to invaginate (folding inward) on human embryonic 
day 20. This results to the formation of a hollow neural tube (figure 1.1). Before the 
closure of the neural plate to become neural tube, a thickened neural ectoderm layer 
in the cephalic neural tube can be found. This thickened layer further invaginates 
and then becomes an optic pit which is the beginning of eye morphogenesis. 
1.1.3.1 Embryogenesis of Retina 
In cellular level, early eye development can be found on week 2 of human 
pregnancy (Lens et ai, 1999). This event starts when a group of definitive 
embryonic retina-producing precursors (DRPs) formed from the cleavage stages of 
embryonic stem cell (Zaghloul et ai, 2005). On week 3 before the closure of neural 
tube, DRPs derive further to retinal stem cells (RSCs) which separate into 2 identical 
clusters and form optic primordial. In neural retina, regional retinal progenitor cells 
(RPCs) (Zaghloul et ai, 2005) differentiate into different cell types chronologically 
and retinal ganglion cell is always the first cell type to be generated (Cepko, 1999; 
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Dyer et al, 2001; Hatakeyama et al., 2004; Marquardt et al., 2002). During 
retinogenesis, cell differentiation starts from the posterior pole of retina and then 
towards the peripheral region. So, there is a time lag of cell differentiation between 
posterior and anterior/peripheral eye. On week 6, RPCs undergo rapid proliferation. 
It was observed that the cell proliferation starts from the outer layer (near the RPE 
layer) and then towards the acellular margin/ marginal zone (inner layer) while the 
cell differentiation take place reversionally from the inner layer to the outer layer 
(figure 1.5). 
At week 7, the proliferating RPCs migrate to the marginal zone and a transient 
layer of Chievitz forms. This transient layer separates retina into outer neuroblastic 
layer (ONL) and inner neuroblastic layer (INL). The ONL and INL are clearly 
observed in posterior region at week 8 and the INL actively proliferates and starts to 
differentiate to RGC (figure 1.5). The ganglion cell axons from posterior pole 
quickly project to the optic nerve head and RGC population starts to increase at 
week 9. At week 10，cone cells starts to differentiate from outer neuroblastic layer. 
The inner plexiform layer is well-developed at this stage, characterised by the 
formation of RGC processes in this layer. From week 14 onward, active 
synaptogenesis occurs extensively in retina. The ganglion cell population increases 
rapidly from week 14 to week 17 and amacrine cell can be found at week 14 in outer 
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neuroblastic layer. At the beginning of week 17，cone cell synaptogenesis occurs. 
From week 18 to 30, RGC population undergoes natural cell death by apoptosis and 
phagocytosis (Forrester et al，2002). Later, rod cells develop at week 22 and bipolar 
cell can be found at week 23. At the fifth month of human gestation, photoreceptor 
cells form in outer segment and horizontal cells generate. The outer plexiform layer 
becomes mature (figure 1.6). The structure of retina becomes almost fully developed 
at the 6th month of pregnancy (Wu et al, 1995) and the thickness of macula region 
and foveala continue to reduce and remodel until the 4th month postpartum. 
1.2 Identity of Retinal Stem Cells 
Retinal stem cells (RSCs) can be found in both human embryo and adult stage. 
The characteristics of stem cell are self-renewal, slow-cycling and able to 
differentiate into different cell types (Ahmad et al, 2004; Amato et al., 2004; 
Tropepe et al, 2000). Stem cell is prevalently found during embryogenesis. It is 
indispensable for growth and development process. During embryogenesis, different 
potencies of stem cells appear in a tandem manner. As the beginning of life, 
fertilized egg contains totipotency property which leads to the differentiation into 
three germ layers: ectoderm, mesoderm and endoderm. Cells in these three germ 
layers are pluripotent and they migrate to different embryonic regions to become 
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multipotent positional stem cells (or retinal stem cells in this case) for further 
differentiation. At this stage, the regional stem cells become more tissue specific. 
Retina is derived from neuroectoderm, and the RSCs harbour the neuroectodermal 
stem cell characteristic to expression Nestin. Under the stimulation of mitogens (for 
example，BMP, FGF2 and EGF) and responsiveness to several signaling pathways, 
such as Sonic Hedgehog signaling and Notch signaling, the multipotency property 
for differentiation and proliferation can be maintained (Ahmad et al, 2004). 
Although the amount is rare, RSCs can be found in ciliary marginal zone (CMZ) 
in adult. CMZ, also called ora serrata, is the interface between ciliary body and 
retina. It only represents 0.2% of the CMZ population (Boulton et al, 2004; Tropepe 
et al, 2000). Many organisms, for instance fish, amphibian and avian, regenerate 
retinal cells from this germinative zone throughout their life time (Amato et al, 
2004). In mammalian, retinal stem cells are identified in pigmented ciliary margin 
(PCM) and express RFC markers such as Pax6, Six3, Rxl, ChxlO and Hesl 
(Boulton et al, 2004). In vitro studies show that the isolated RGCs are capable to 
differentiate into photoreceptors, bipolar cells and Mullar glia from mouse and rat 
under conductive environment (Ahmad et al, 2000; Tropepe et al” 2000). Unlike 
fish and amphibian, mammalian do not regenerate retinal cells all the way through 
life time. It is believed that this mysterial region is evolutionary conserved in many 
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organisms including vertebrates and non-vertebrates. Still, studies in adult mouse 
showed that the repairing function of this cell may be triggered after retinal injury 
and trauma (Nishiguchi, 2008; MacLaren, 2006). 
1.3 Molecular Mechanism of Early Retinogenesis 
Early retina development is characterized by the proliferation and 
differentiation of RPCs into early retinal cell types. Therefore, gene expression 
during this period is largely involved in the control of life cycle and competence in 
RPCs. Animal models, such as mouse (Leea et al, 2005; Kim et al.’ 2005; Quina et 
al and 2005 Angenieux et al, 2006) chicken (McCabe et al. 1999 and Martinez et 
al 2005), amphibian, drosophila and zeberfish (Martinez et al. 2005), are commonly 
used for genotypic and phenotypic investigation by using gain- / lose-of-function, 
knockdown and over-expression experiments. However, these gene expression 
studies are only confined in animal models and there are lacks of information in 
human. Although those studies can shed light to hypothesize the expression 
characteristics in human fetal retina, in situ investigation is needed to confirm and 
evidence the homology and orthology between human and other species. 
As mentioned earlier, during retinogenesis different cell types are derived from 
the same origin (RFC) and appear in retina in a chronological order. During early 
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retina development, retinal ganglion cells are always the first cell type to be 
generated, follow by cone cells, amacrine cells and then horizontal cells. These cells 
are always classified as early-bom retinal cell types. The rapid morphological 
change and cell differentiation is largely based on the temporal and spatial gene 
expression in neural retina. Many remarkable genes, which can be classified as 
intrinsic and extrinsic factors, determine the progenitor cell fate (Choy et al., 2002). 
Interestingly, these genes not only promote the neurogenesis but also repress the 
proliferation or differentiation mechanism in order to control the RFC life cycle to 
achieve the production of specific type of cell. 
1.3.1 Intrinsic Coding Genes for Retinogenesis 
Retina development requires homeobox genes and basic helix-loop-helix genes 
family for layer specification and cell fate determination respectively (Hatakeyama 
et aL, 2004; Harada et al, 2007). Both gene families encode for proteins which 
contain DNA-binding domain for transcriptional regulation. For homeobox genes, 
PAX6, RAX and SIX3 are well-known transcriptional factors for retinogenesis as 
they have an obvious role to trigger retina development. They locate on the upstream 
of the retina development process and absence of these genes results to the absence 
of eye formation or irreversible eye defect (Marquardt, 2001; Oliver et al., 1997). 
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More importantly, these genes are also found to be highly conserved in different 
organisms which indicate their essential role for eye formation (Gehring et al., 
1999). 
bHLH gene family encode for a dimeric transcription factors which consist of a 
short arm a-helix for dimerization and a long arm a-helix for DNA binding activities 
(Jones, 2004). bHLH genes can be classified as repressor type (e.g. He si and Hes5) 
and activator type (e.g. Math5, Mashl), with regard to the cell proliferation and 
differentiation mechanisms. These genes orchestrate with extrinsic factors and 
homeobox genes together to execute cell differentiation and specification program in 
the right time and right place. In this section, the detail functions and role of the 
above genes will be discussed and further downstream regulation will also be 
described in order to give a better picture for retina development mechanism. 
1.3.1.1 PAX6 
PAX6 is named ‘master control gene' for eye development (Pichaud et al, 2002 
and Gehring et al, 1999). This gene contains both paired domain (PD) and 
homeodomain (HD) which bind DNA for various transcriptional regulations. The 
earliest expression of this gene in embryonic eye can be found in optic primordia 
before the formation of optic cup. In mouse model, Pax6 expression can be found in 
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presumtive forebrain region on embryonic day (E) 8 before the optic primordia 
forms on E8.5. The early onset of this gene is largely due to the important role of 
optic vesicle formation from neuroectoderm. PAX6 is extensively expressed in RPCs 
and the increase in PAX6 levels lead to the increase in RPCs proliferation. Apart 
from RPCs，the expression of PAX6 can also find in amacrine cell (Marquardt et al., 
2001). Another role of this master control gene is to regulate several bHLH gene 
functions. PAX6 positively regulates ATOH7 which is responsible for RGC 
differentiation (Marquardt et al.’ 2001); this gene also overcomes NEUROD and 
ngn2 {NEUR0G2 in human) activity to limit amacrine cells and photoreceptor cells 
differentiation (Zaghloul et al.’ 2007). As the role of PAX6 is important for 
retinogenesis, the deficiency of PAX6 in drosophila, mouse/rat and human lead to 
eyeless, small eye and aniridia respectively (Prosser et al., 1998; Wawersik et al., 
2000). So, this gene shows an evolutionary conserved characteristic for eye 
formation. 
1.3.1.2 SIX genes family 
Expression of SIX gene family can be found in various neuronal tissues but 
only SIX3 and SIX6 show an extensive expression during early eye development 
(Aijaz et al.，2005). This gene family contains a six domain for modulating DNA 
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binding activity and a homeo domain for mediating DNA binding event (Jean et ai, 
1999). The expressions of these 2 genes do not require the presence of PAX6 which 
indicates that SIX3 and SIX6 are independent from PAX6 pathway (Aijaz et al., 
2005). SIX3 and SIX6 have a similar expression pattern in embryonic eye but SIX3 
has a wider expression level in brain tissues. It was found that six6 repressed the 
promoter region of P27Kipl in order to regulate retinal cell proliferation (Aijaz et al, 
2004; Li et al., 2002). P27Kipl is a cyclin-dependent kinase inhibitor expresses in 
RPCs. The function of this protein is to regulate the progenitor cell fate by exiting 
the cell cycle for differentiation (Dyer et al., 2001). Once the kinase inhibitor is 
repressed, RPCs return to the cell cycle and start proliferation. 
1.3.1.3 RAX 
Like PAX6, RAX is highly expressed in presumptive forebrain region on neural 
tube and then the expression confine in optic primordial and neural retina. In 
mouse, expression of Rxl/Rax (RAX) can be found throughout the proliferative 
zone on retina before and after birth and the expression decline in adult stage 
(Furukawa et al, 1997). The main function of this gene is to maintain the progenitor 
cell in sternness stage, preserve the pool of proliferative progenitor cell and increase 
the size of neural retina. The expression of this gene can be found on the outer 
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nuclear layer (ONL) and the outer part of inner nuclear layer (OINL) in the later 
stage. So, it suggests that this gene may have a spatial specification in the late stage 
during retinogenesis (Zaghloul et al., 2007). In Rax mutant mouse, no optic cup 
forms which results to anophthalmia (Mathers et al., 1997; Wawersik et al., 2000). 
1.3.1.4 Repressor-type bHLH genes 
In retinogenesis, bHLH can be classified as repressors (e.g. Hesl and Hes5) 
and activators (e.g. Math5/ATOH7) (Hatakeyama et al., 2004). Hesl and Hes5 
repress neuronal differentiation and maintenance retinal progenitors in proliferation 
stage. It inhibits the formation of RGCs, horizontal cells, amacrine cells and cone 
cells which can be classified as early-born retinal neurons (Lee et al,, 2005). This 
inhibition mechanism preserves a group of RPCs for the differentiation of late-bom 
retinal cell types. The expression of both repressor-type bHLH genes is mainly 
regulated by Notch signalling pathway after the formation of optic cup. This signal 
transduction system is one of the well-established extrinsic factors to control cell 
fate for different retinal cell type formation. The details of this pathway will be 
discussed later in this section (figure 1.7). In mouse, Hesl starts to express on E9.5 
in optic cup in which the retinal progenitor cells (RPCs) are actively dividing and 
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the inner layer of the cup thickened to prepare for retinogenesis. Hesl declines on 
El 1 and retinal cell differentiation starts (Kageyama et al, 2005; Lee et al, 2005). 
1.3.1.5 Activator-type bHLH genes 
Activator-type bHLH genes have unique expression peaks which match up the 
appearance of the particular cell type during retinogenesis. It was found that the 
expression of these genes trigger the RPCs to the particular cell fate. In mouse 
model, Math5 {AT0H7 in human) is one of the first bHLH genes expressed in retina 
for cell differentiation and it is essential for the formation of retinal ganglion cell. 
Coincidently, when the expression of Hesl decline in mouse on E l l , Math5 starts to 
express and RGCs form on the next day (Lee et al, 2005). Expression of Math5 can 
be found in primitive RGCs. In mouse, Math5 inhibits the expression of NeuroD and 
Ngn2 which are responsible for amacrine cell and photoreceptor cell differentiation 
(Le et al, 2006). Mu (2005) found that Math5 is crucial for the synthesis of 
early-born retinal cell type. It was observed that Math5 knockout mice had a thinner 
inner nuclear layer (INL) from where RGCs were normally found. Significantly, 
Math5 is essential to trigger the formation and maturation of the RGCs by activating 
several transcription factors includes Pouf4 genes, Gfil, Isll, Isl2, Nscll, Nscl2 and 
Rpfl (Yang et al, 2003). 
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Other activator-type bHLH genes for horizontal cells, amacrine cells, 
photoreceptor cells and bipolar cells are summarised in figure 1.8. These genes 
cooperate with homeobox genes to trigger particular cell type differentiation. 
1.3.1.6 P0U4Fg謝 family 
Many specific genes can be found in developing RGC. Some of them are fully 
characterized but many are partially known or lack of comprehensive investigation. 
Nevertheless, many studies (Mu et al, 2005 and Sakagami et al, 2003) utilized 
specific gene markers expressed by RGC to study the protein function or patterning 
of RGC. Brn3 family is one of the remarkable proteins expresses in postmitotic 
RGCs. This family consists of 3 subtypes: Bm3a, Bm3b and Bm3c. They are 
encoded by POU and homeobox gene domain which is essential for RGC and also 
somatosensory neurons differentiation (Xiang et al, 1995). These genes are 
transcriptional regulated by Math5 for expression. In mice, pou4fl expresses first on 
El l .5 (Quina et al, 2005), while pou4f2 and pou4f3 onset on E13.5. In general, all 
Bm3 proteins share similar function for DNA binding and transactivation activity. 
These events mainly lead to axon development and pathfinding activity. In the 
absence of pou4f2 experiment, no axon was formed and RGC apoptosis processed 
(Liu et al, 2000). Interestingly, however, in the absence of pou4fl and pou4f3, no 
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obvious retinal defect was formed. It is suggested that pou4f2 plays an essential role 
in early RGC differentiation and this function cannot be replaced by other 2 genes 
which onset on 2 days later after pou4fl can be found in mouse. Nevertheless, some 
RGCs still survive in the absent of pou4f2. So, pou4fl and pou4f3 may be 
responsible for some subtypes of RGC differentiation (Liu et al, 2000). 
Protein analysis from mouse found that long form Bm3b (Bm3b(l)) and short 
form Bm3b (Bm3b(s)) were found. Brn3b(l) is, as described above, mainly for RGC 
differentiation, however, the function of Bm3b(s) is controversial (Liu et al, 2000). 
In some studies, it was found that Bm3b(s) represses Bm3a expression by forming 
Bm3b(s)-Bm3a heterodimer. Nevertheless, Liu., et al (2000) propsed that all Bm3 
factors are capable of promoting RGC development, and that this potential may be 
limited by the order of expression in vivo. 
\3AJ DLX1/DLX2 
Similar to Bm-3 family, Dlxl and Dlx2 are found to be important for the 
differentiation of RGC but in the later stage while early-bom RGCs are Dlxl/Dlx2 
independent (de Melo et al, 2004). In the Dlxl/Dlx2 mutant mouse experiment, it 
was found that one third of RGC was lost. The late-bom RGC without Dlxl and 
Dlxl expression undergo apoptotsis due to failure of late developmental processes. 
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Dlxl and Dlx2 genes express on mouse embryonic El2.5 and the expression of Dlxl 
declines on PO while the expression of Dlx2 is maintained in adult stage. The 
expression of this gene can also be found in amacrine cells and horizontal cells de 
(de Melo et al, 2003). Since these 2 genes express in the late-stage of RGC genesis, 
it is postulated that they potentially direct a portion of distinct RFC to differentiate 
to other RGC subclasses and maintain the phenotype of RGCs (de Melo et al, 2004). 
It was found that this gene interacted with Pax6 for neurongenesis and patterning. 
(Brill et al, 2008) 
1.3.1.8 Others 
0TX2 is another homeobox gene which leads to the determination of cone cell 
fate by transactivating CRX gene for photoreceptor cell differentiation (Hever et al., 
2006). Deficiency of this gene leads to the photoreceptor cells transdifferentiate to 
amacrine-like cells and reduction of melatonin production in pineal gland (Nishida 
et al, 2003). The development of cone cells in mouse also require NeuroDl gene to 
transcript Thrb for opsin expression in order to have normal colour vision (Liu et al， 
2008). Other homeobox genes such as, Proxl and ChxlO are responsible for the 
differentiation of horizontal cells and bipolar cells respectively. Like other 
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homeobox gene for retinogenesis, these 2 genes cooperate with bHLH genes and 
other extrinsic clues for particular cell fate determination (figure 1.8 and figure 1.9). 
1.3.2 Extrinsic Factors for Retinogenesis 
Cell-cell communication is very important to affect early retinal environment 
for cell proliferation and differentiation. The existence of various signalling systems 
controls the population of different cell types in order to reach the optimal number 
(Cepko, 1999). This process reveals a more complex regulation system to determine 
the RPCs fate and control the whole retina development process. Amongst different 
signalling pathways, notch signalling and sonic hedgehog signalling pathways are 
widely explored as the signalling molecules are prevalently found in retina. Also, 
some morphogens also show the importance to regulate retina formation. 
1.3.2.1 Extrinsic morphogens 
Fibroblast growth factors (FGFs) including, FGFl FGF3, FGF8 and FGF17 are 
essential for retina development. FGFs are expressed in a region called 'organizing 
centre' where the location is various from species to species. In human, FGFs 
initially express in optic stalk (Cepko 1999; Yang et al., 2003). It is found that Fgf3 
and Fgf8 are involved in initiating retinal cell differentiation and Fgfl accelerating 
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RGC formation during early retina development. Study from mouse model showed 
that the differentiation mechanism is triggered by activating the Fgf receptor(s) on 
RPCs though MAPK signalling cascade which lead to the up-regulation of PeaS, 
and Math5 gene for RGC differentiation (McCabe et al, 2006). In zebrafish 
experiment, by applying Fgf receptor inhibitor during the early developmental stage, 
no Math5 expression was found and the number of RGCs was largely reduced 
(Martinez-Morales et al, 2005). So, it revealed that the extrinsic and intrinsic factors 
cooperate to each other in order to mediate the precise retinal differentiation 
mechanism. 
GDFll (growth and differentiation factor) is the subfamily of transforming 
growth factor-beta (TGF-beta) (McPherron et al, 1999). Recently, it was shown that 
this extrinsic factor expressed in RGC for controlling the timing of RPC competency 
(Kim et al, 2005). This gene starts to express in retina on El2.5 in mouse and 
reaches highest on El 5.5 then declines at PO. Gdfll reduces the number of RGCs by 
suppressing Math5 expression in RPC. Since Math5 governs the synthesis of 
early-born retinal cell types, the number of RGCs will be reduced once the 
expression of Math5 duration is suppressed. Gdfl also promotes the expression of 
certain kind of bHLH factors, for example NeuroD and Mash 7, for amacrine cell 
and bipolar cell differenation (Harada et al, 2007). Together with the presence of 
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follistatin (Fst), a Gdfll inhibitor, both factors regulate the number of RGCs during 
early retinogenesis. 
1.3.2.2 Notch Signalling Pathway 
Notch signalling is one of the important signal transduction pathways to 
regulate progenitor cell fate by governing the expression of bHLH gene family 
(Ohtsuka et al, 1999; Perron et al, 2000). This pathway is activated by notch 
ligands, which expressed on the cell membrane of surrounding cells, bind to the 
transmembrane notch receptor on RPCs (figure 1.7). This binding activity leads to 
the cleavage of intracellular domain of notch (ICN). ICN further translocates into 
nucleus and combines with a DNA-binding protein (RBP-J) to form a complex for 
activating the transcription of Hesl and Hes5 (Hatakeyama et al, 2004). As 
mentioned earlier, Hesl and Hes5 are function to retain the potency of RPCs and 
prevent it from differentiation to other cell types. As a result, a pool of RFC is 
preserved for the differentiation of late-bom retinal cell type (Jadhav et al, 2004). 
1.3.2.3 Sonic Hedgehog Signalling 
Another essential extrinsic mechanism in early retinogenesis is sonic hedgehog 
signalling (shh) pathway. Similar to notch signalling pathway, the function of shh is 
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to maintain RPCs in proliferation stage for late-bom retinal cell type differentiation. 
Shh proteins express only in mature RGCs which local in the inner part of inner 
neuroblastic layer (Mu et al, 2005; Zhang et al, 2001) (base one the differentiation 
characteristic of retina mentioned in 1.1.2.2 and figure 1.5). This extrinsic molecule 
binds to Patched 1 receptor on RPCs and then triggers a signal transduction cascade 
from transmembrane smoothened protein (SM0-M2) which results to the expression 
GUI in nucleus (McMahon, 2000; Zhang et al, 2006). Glil is found to interact with 
CyclinDl for RPC proliferation (figure 1.10). Other synchronized studies also shows 
that shh directly controls the signal transduction component, smoothened, to 
transmit signal from cytoplasm to nucleus and express CyclinDl and Hesl in RGCs 
for RPC proliferation (Yu et al, 2006 and Wang et al, 2005). 
Interestingly, shh has a positive and negative effect on the proliferation and 
differentiation mechanism in retina. Evidences showed that those RPCs just beyond 
the mature RGCs expose to higher concentration of shh molecule which lead to the 
suppression of RGC differentiation. For those RPCs which further away from the 
shh-producing RGC, the RGC fate is maintained (Zhang et al, 2001). 
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1.3.2.4 Wnt Signaling Pathway 
Wnt signalling is one of the well established pathways for embryonic 
development. Many researches studied the neural progenitor cell and neural crest 
cell proliferation mechanism though this pathway during CNS development. This 
pathway is triggered by Wnt ligand which binds to the Frizzled and LRP receptors 
on cell membrane. This binding inhibits GSK3p and prevents p-catenin from 
degradation (de longh et al, 2006). The preserved p-catenin transloactes to nucleus 
and then binds to transcriptional family, TCF/LEF gene, promoting the expression 
of CYCLINDl, and TCFl. In chick (Kubo et al, 2003) and mouse (Liu et al, 2003) 
model, it was found that WNT2B (Cwnt2b or Mwnt2b) were robustly localized in the 
CMZ and maintained the primitive of RPCs (Kubo et al, 2003). However, the role 
of this pathway in human retina development is still not known yet. 
1.3.2.5 Cell Death Signalling during Retinogenesis 
Cell death is a common phenomenon occurs in many neuronal cells for 
controlling cell number in order to maintain normal development. In retina, early 
phase cell death (during the growth of neuron and cell migration) and later phase 
cell death (during innervation) can be found. Apoptosis of neuronal cells can involve 
different mechanisms. One of the mechanisms engaged in early phase cell death is 
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the binding of p75 receptor by nerve growth factor (NGF) to activate the 
intracellular cascade which triggers cell execution factors for apoptosis (Harada et 
al, 2006). Also, absence of tyrosin-kinase (trk) or changing the affinity of trk 
receptor leads to activation of p75. Binding of tumor necrosis factor 
receptor-associated factor (TNFRAF) can also induce apoptosis of RGC. Moreover, 
programmed cell death (PCD) in retina also involves the expression of Caspase 
(cysteinyl aspartate-specific proteinases) (Mayordomo et al, 2003), Apaf (apoptosis 
protease activated factor) and Bcl2 genes (Harada et al., 2006). Overall, 14 caspases 
are identified and fall into 3 groups base on the preference of the target substrate. 
These enzymes promote apoptosis by directly acting on the protein or activating 
other caspases. Apoptosis regulator (Apafl), cytochrome c (Apaf2) and pro-caspase 
9 (Apaf3) complex to each other to form apoptosome which triggers the caspase 
cascade and cause DNA-fragmentation and substrate cleavage. Bcl2 gene family has 
totally 15 members which involve in both anti-apoptosis (e.g. BCL2’ BCL-XL and 
BCL-W) and pro-apoptosis (e.g. BAD, BAK, BAX, BCL-Xs, BID and BIM) activities 
(Bahr et al, 2000 and Napankangas, 2003). Caspase, Apaf and Bcl2 always interact 
to each other and maintain the homeostasis in apoptotic events. Other extrinsic 
factor such as basic fibroblast growth factor, growth hormone (GH) and proinsulin 
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signaling also prevent RGC death from apoptosis (Bahr et al, 2000 and Diaz et al, 
2000). 
Progenitor cell division, cell cycle exist, cell fate specification, and 
differentiation program execution are four basic events for the emergence of 
different retinal cell types on retina. These events take over by various intrinsic and 
extrinsic factors to make sure the cell types come into right time and right place. 
Those functional studies from various animals clearly showed a specific role of 
genes for eye development. However, the spatial and temporal expression of these 
apoptosis related genes in human is not fully known. Also, in some cases, 
investigating the gene expression in animal model may not sufficiently reveal the 
real situation in human, as different species may not share the same complexity to 
regulate the physiological changes during developmental process. For example, in 
retinoblastoma (RB), the inactivation of RBI gene in human leads to the 
uncontrollable cell replication (Corson et al, 2007; Dyer et al, 2005). Interestingly, 
inactivation of Rbl gene in mouse may not give rise to retinoblastoma since 
dynamic expressions of other genes in Rb family (pi30 and pi70) were observed 
(Donovan et al, 2006) to compensate the loss of Rbl gene. So, investigation of the 
gene expression pattern in human fetal retina becomes valuable to reveal the retinal 
cell formation process in human. By knowing the expression characteristics of 
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human fetal retina, functional studies from animals can be applied to hypothesize the 
whole retina development process in human gestation period. 
1.4 Non-coding RNAs: MicroRNA 
Our genome contains all the information which controls the entire body 
functions including growth and development, appearance and behaviour, and 
diseases susceptibility. These phenomena are largely based on the central dogma 
theory proposed by Francis Crick, 50 years ago (Crick, 1958). The theory simply 
stated the unidirectional transfer of sequence information: DNA molecule 
transcribed to messenger RNA, and then translated to protein. In the past, it is 
believed that only small portion of our genome contains 'real' information, others 
are junk and transcriptional silence. However, thanks for the comprehensive genome 
project for example, ENCODE (Encyclopedia of DNA Elements) project (ENCODE 
Project Consortium) and massive investigation of non-coding RNAs (especially 
microRNA (miRNA) and small interfering RNA (siRNA)), the knowledge of 
functional elements in human genome has been moved one feet forward (Caminci et 
al, 2005). Particularly, in the studies of miRNAs, it is calculated that up to 30% of 
human genes are posttranscriptionally regulated by miRNAs (Loebel et al, 2005). 
Recent studies, have shown that they are not only important for regulating the 
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normal developmental processes but also contribute to the tumorigenesis of cancer. 
Hopefully, in the near future, the investigation of miRNA will shed lights and give 
better insights into gene regulatory system that controlling the transfer of sequence 
information for protein expression process. 
1.4.1 Biogenesis and Post-Transcriptional Regulation Mechanism of MicroRNA 
MiRNAs are small non-coding RNAs of 18 to 25 nucleotides. Like messenger 
RNAs, the genetic information of microRNA (miRNA) is stored in our genome. 
MiRNAs are either transcribed from the miRNA genes in the genome or intron 
region of protein-coding DNA. After the region is transcribed, the transcript folds to 
form a double-stranded hairpin precursor called pri-miRNA which contains 
imperfect base pair stem-loop (Kloosterman et al, 2006). Before forming to mature 
miRNA, pri-miRNA are modified by two RNase type III enzymes, Drosha and 
Dicer. Drosha link with DGCR8 (DiGeorge syndrome critical region gene 8) to form 
a Drosha-DGCRS complexes, which contains a dsRNA domain to process 
pri-miRNA to a 了70 nucleotides pre-miRNA molecule. Pre-miRNA exports to 
cytoplasm by exportinS which locates on the envelope of nucleus. In cytoplasm. 
Dicer complexes with TRBP (TAR RNA binding proteins) and then binds with 
pre-miRNA to product 20-bp miRNA duplexes. The double-stranded molecule 
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separates and one of the strands will become functional mature miRNA and the 
other strand will either degrade or become another functional miRNA. To repress 
the mRNA function, the mature miRNA complexes with a ribonucleoprotein, 
argonature (AGO)，to facilitate the recognition of target mRNA sequence (Kawaji et 
al, 2008) (figure 1.11). In human, 4 AGOs can be found (AGOl to AGO 4) and 
they may share the synthesis pathway with siRNAs. In vertebrate, miRNAs bind to 
the 3'UTR (untranslated region) of the target genes to halt the translation process 
from mRNA to protein. The target mRNA selection is largely contributed by the 
perfect complementary match between the seed region of 2 to 8 bp locates on the 5' 
end of miRNA and the 3'UTR region on mRNA (Arora et al, 2007; Doench et al, 
2004). Some studies found that synthetic miRNAs can complementary to promoters 
rather than mRNA and contribute to gene activation and repression (Wu et al, 2008). 
Still, how the machinery of miRNA biogenesis contributed to the complex 
regulatory system is undefined. In particular, latest work has suggested that miRNAs 
may also positively promote the transcription during developmental process 
(Bushati et al, 2008). Further investigation is needed to prove the complex 
mechanism of miRNAs regulation system. 
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1.4.2 Expression of Non-coding Genes in Retina and their Role in Retina 
Development 
It is observed that genes involved in development such as cell differentiation 
and organogenesis enriched with miRNA binding sites (Loebel et al, 2005). It 
implies that miRNAs may play a special role in developmental biology. 
Unsurprisingly, many recent studies have reported several miRNAs robustly express 
throughout the retina development process and adult stages (figure 1.12). 
Concluding from 10 recent studies in retina and neural systems on mouse (Arora et 
al, 2007; Karali et al, 2007; Ryan et al, 2006; Wulczyn et al, 2007; Xu et al, 
2007), chick (Cao et al, 2007; Darnell et al, 2006), amphibian (Makarev et al, 
2006) and Drosophila (Raftopoulou et al, 2006; Yang et al, 2008), 27 miRNAs are 
reported to be expressed on retina and confirmed to be spatially distributed by in situ 
hybridization. MiR-124a, -204 and -P, remarkably express on retina in which the 
expression of miR-124a and -9 can also be found in spinal cord, hindbrain and 
midbrain while expression of miR-204 can be found in lens and cornea epithelium 
region (Darnell et ai, 2006; Ryan et al, 2006) (figure 1.12). MiR-7 promotes the 
photoreceptor differentiation by affecting the EGF receptor signalling (Li et al, 
2005; Raftopoulou 2006). Some of these miRNAs (e.g. miR-182) harbour the spatial 
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and temporal expression characteristics which may responsible to control the 
systematic development of retina tissue (Ryan et al, 2006). 
Nevertheless, the function of many highly expressed miRNAs on retina or 
other tissues is not fully known and the role in development is not conclusive. For 
example, in the functional study of miR-124a on developing chick spinal cord, no 
observable change was detected from the overexpression and knockdown of 
miR-124a (Cao et al, 2007). This observation led to the suggestion that miRNAs 
might hybridize to the residue transcripts which remain from the previous 
developmental stage to fine-tuning the development from one stage to another (Cao 
et al, 2007; Farh et al, 2005). This hypothesis is also coherent with the temporal 
and spatial expression characteristic of mRNA which is commonly found during 
developmental process and retinogenesis. In addition, some miRNAs may also 
evolutionary conserve in different species for eye function and development. 
1.5 Human Disorders Related to Retina Defect 
As retina contains different kind of neuronal cell types and each cell type 
requires particular gene set for development, misexpression of any of these genes 
may cause potential congenital eye diseases depend on the location of the gene(s) in 
retinogenesis pathway. For example, as mentioned earlier, deficiency of PAX6 and 
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RAX in human lead to aniridia and anophthalmia respectively (Graw, 2003). 
Aniridia is diagnosed with an underdevelopment of retina and iris. The prevalence is 
1 in 64,000 to 96,000 in the general population (Dansault et al, 2007). These severe 
syndromes are mainly due to the failure of the transcriptional cascade, mediated by 
PAX6. As PAX6 locates upstream of the eye development, the expression of many 
transcriptional factors become missing. Anophthalmia and microphthalmia are 
commonly referred to small eye syndrome. Mutation of 0TX2, S0X2 and CHXIO 
are also linked to this disease. It was found that the prevalence of this disease is 
estimated 30 per 100,000 population (Verma et al, 2008). There are 2 conditions 
classify this disease: primary anophthalmia (complete absence of eye tissue) and 
secondary anophthalmia (residual eye tissue or extremely tiny eyes), base on the 
level of severity. Table in Appendix I shows the inherited/congenital retina diseases 
with the corresponding genes and loci (RetNet). The knowledge of retinal diseases is 
increasing in the recent years. Many loci were mapped to be related in retinal defect 
(figure 1.13). Still there is a big gap between the known transcripts and mapped 
chromosome regions. So, investigating genes expressed during retinogenesis 
become important to fill up the big gap and increase our knowledge in retinal 
pathology. 
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Retinoblastoma is a cancer of retina. The origin of the tumour cell is 
controversial as it expresses various retinal cell markers (Dyer et al” 2005). The 
pathology of this disease shows that downregulation of retinoblastoma 1 (RBI) gene 
is the main factor to cause retinoblastoma (Corson et al., 2007). RBI is a tumour 
suppressor gene. The loss of this gene leads to the uncontrollable cell replication by 
maintaining the cell-cycle progression. Interestingly, inactivation of Rb gene in 
mouse may not give rise to retinoblastoma since dynamic expressions of other genes 
in Rb family (pi30 and pi70) were observed (Donovan et al, 2006). The expression 
of other tumour suppressors (TP53) leads to the compensation effect to prevent the 
onset of the retinoblastoma in mouse. 
Apart from congenital retina defect, some eye diseases, for example glaucoma 
and age-related macula degeneration (AMD), also lead to the irreversible damage of 
retina and then loss of visual acuity (Whitmore et al, 2005; Jong, 2006). Base on the 
statistics from World Health Organization (WHO), glaucoma and AMD contribute 
to 12.3% and 8.7% of the leading cause of blindness in the world. Since the damage 
of retinal cells is i^eversible and cannot be renewed naturally in human, so many 
studies are investigating the regenerative mechanism by studying retinal stem cell 
(Ahmad et al, 2004; Amato et al, 2004; Boulton et al, 2004; Johnson et al, 2008) 
and the multipotency of retinal progenitor cell. Along the line of identify genes that 
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are important for retinal progenitor cells survival and differentiation during 
retrinogenesis, we investigated the coding and non-coding RNA expression profile 
during early human fetal retina development. 
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Chapter 2 Project Objective and Outline 
Hypothesis 
• Genes consistenly expressed during early gestational weeks (week 9 to week 
15) contribute to the neural development of retina 
眷 Differential expressed genes at gestational week 9 and week 15 present to 
trigger different stage of retinogenesis 
參 MiRNA is known to negatively regulating mRNA, correlation may be 
observed by mathematical calculation base on the microarray expression data. 
Project Objective 
• To generate a comprehensive picture of gene expression profile during early 
human retinogenesis 
• To identify genes expressed in different stages of early retina development 
• To construct microRNA expression profile during early human retinogenesis 
• To correlate the expression pattern between messenger RNA and microRNAs 
in the developmental process 
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Project Outline 
眷 Sample collection from termination of pegnancy between gestational week 9 to 
week 15 (n=3) 
• Total RNA extraction by using TRIzol® reagent 
Part I - Gene Expression Study 
• Gene Expression Microarray 
參 Gene expression characterization by using Gene Ontology study and KEGG 
pathway analysis 
參 Differential expressed gene at gestational week 9 and week 15 filtered by 
2-fold and p-value =0.05 in GeneSpring 
參 Quantitative real-time PGR to validate the highly up regulated genes on 
gestation week 9 and week 15 comparatively 
Part II - MiRNA Expression Study 
參 MiRNA expression microarray 
參 MiRNA expression characterization by GeneSpring 
• Spatial distribution of miRNA in retinal tissue by in situ hybridization 
• Correlation study by using TargetScan database and our gene and miRNA 
expression dataset 
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Chapter 3 Materials and Methods 
3.1 Samples Collection 
Fresh human fetal retinas were collected at gestational week 9，10，11，12, 13， 
14 and 15 of pregnancies from legal termination of pregnancy (TOP) in Department 
of Obstetric and Gynaecology, Prince of Wales Hospital, Shatin, Hong Kong. 
Institutional Review Board approval and written informed consent had been 
obtained for all samples collected. Fetal gestational weeks were determined by 
ultrasonographs (USG) by measuring crown-rump lengths (CRL) of the fetuses 
before surgical procedures. Three samples were collected on each gestational 
time-point (gestational week) in order to reach the minimum statistical requirement, 
except gestational week 14 which only one sample was successfully obtained (Kim 
et al., 2006; Neuhauser et al., 2006) (Table 3.1). 
Seven human retinoblastoma tissues and 2 retinoblastoma cell lines 
(WERI-Rbl and Y79) were used in this study for tissue specificity test. The samples 
were obtained from the previous study in Department of Ophthalmology and Visual 
Science, Hong Kong Eye Hospital, Kowloon, Hong Kong (Lau, 2007). 
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The fibroblast sample used as reference control in this project was derived from 
an in-house fibroblast isolated from human cardinal ligament at passage 4 from our 
previous project (Liu et al, 2005). 
3.1.1 Isolation of Retina 
Eyes were enucleated within one hour after the surgical termination of 
pregnancy. Retinas were removed from eyeballs immediately in iced 
diethylpyrocarbonate-treated phosphate buffered saline (DEPC-PBS) (without 
calcium chloride and magnesium chloride, pH7.4). In order to obtain an intact retina, 
a small hole was punched on corneal rim by penetrating the eyeball externally with a 
pair of fine scissors under dissection microscope. Then the anterior segment 
(including cornea, iris, ciliary body and lens) (figure 1.2) was isolated by trimming 
from the small hole, along the edge between cornea and sclera. After that, the 
remaining posterior segment was pull inside out and a milky-white coloured retina, 
with the presence of optic nerve, was detached from retinal pigment epithelium layer 
smoothly with the help of fine forceps. Finally, the optic nerve was trimmed and 
hyaloid artery with vitreous humour was removed. 
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3.1.2 Samples Processing and Storage 
To preserve the integrity of total RNA, isolated retina was lifted up carefully by 
forceps and then was immersed in 1.5 ml vial containing 300 ml RNAlater ® 
(Ambion, Huntingdon, UK) overnight at 4 Finally, RNAlater ® was drained 
away and the sample was stored at -80 before RNA extraction. 
3.1.3 Total RNA extraction 
Total RNA extraction was done using TRIzol® reagent (Invitrogen Corporation, 
Carlsbad, CA, USA). Reserved retina sample was thawed on ice. After that, 1 ml 
TRIzol® solution was added to dissolve the tissue. To further homogenize the 
partially dissolved tissue, the sample was passed through 3 ml syringe with 18 G 
needle and then 25 G needle with repeating vortex. After that, 0.2 ml chloroform 
was added and shaken vigorously for 15 seconds. Immediately, the mixture was 
centrifuged at 12,000 g for 15 minutes at 4 and finally three phases were 
separated. The aqueous phase was carefully pipetted out without disturbing the 
intermediate phase•• The aqueous phase was mixed with 0.5 ml isopropanol by 
pipetting and then centrifuged at 12,000g, 4°C for 10 minutes. Finally, a pale white 
pellet was observed at the bottom of the vial. Isopropanol was pipetted out 
thoroughly without disturbing the pellet. Then, 1 ml 75% ethanol was added to wash 
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the pellet by centrifuging at 7500 g, 4 for 5 minutes. Subsequently, ethanol was 
drained out and the pellet was dried at room temperature for 15 - 20 minutes. After 
that, 30 III of ultra PURE RNase, DNase - free distilled water (Gibco, Grand Island, 
NY, USA) was added to resuspend the RNA. 
3.2 RNA Quality Control 
The quantity and quality of the total RNA were measured by NanoDrop 
ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and 
then further analyzed by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA) to make sure there was no RNA degradation nor presence of 
inorganic compounds in the samples before proceeding to gene expression 
experiments. 
3.2.1 NanoDrop ND-1000 
For NanoDrop ND-1000 measurement, 1.5 |il sample was loaded on the lower 
measurement pedestal and the sampling arm was closed. The measurement was 
initiated by using the operating software on the computer. The sample column was 
automatically drawn between the upper and lower measurement pedestals and the 
spectral measurement was made. When the measurement was completed, the optical 
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density (OD) ratios included 260/280 and 260/230, and samples concentration were 
automatically displayed in the software. 
NanoDrop accurately measures the concentration of total RNA with CV = 土 
2% according to the manufacturer's protocol. Purity of RNA can also be checked by 
measuring the optical density (OD) ratios of A 260/ A 230 and A 260/ A 280 (figure 
3.1). If the ratio of A 260/ X 280 is lower than 1.8, protein contamination maybe 
present. If the ratio of 260/230 is lower than 1.5, it indicates organic solvent 
contamination. This may be the leftover during the total RNA extraction procedures. 
Apart from checking the total RNA samples, the quality and concentration of 
fluorescence labelled cRNA could also be measured by Nanodrop (figure 3.2) after 
Cy3/Cy5 labelling. By detecting the absorbance of the samples, the amount of 
labelled fluorescence signal was found. With reference from the sample 
concentration, the amount of fluorescence specifically labelled on the cRNA, which 
is called specificity or specific activity, was calculated (equation 3.1). In table 3.2, 
the criteria of the sample selection from the Nanodrop results were shown. Any 
sample out of the optimized range would be rejected from further process. 
3.2.2 Agilent 2100 Bioanalyzer 
For Agilent 2100 Bioanalyzer measurement, the RNA 6000 Pico Kit was used. 
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Samples were first diluted to concentration of 5 ng/|il. To setup a chip priming 
station, a syringe was inserted into the clip and then screwed on the lid of the chip 
priming station. The lever of the clip was released and slid up to the top position. 
Before preparing the Gel-Dye Mix, RNA 6000Pic dye concentrate was allowed to 
equilibrate to room temperature for 30 minutes. RNA 6000 Pico dye concentrate 
was vortexed for 10 seconds and spun down and 1.0 |il of dye was added into a 65 |xl 
aliquot of filtered gel. The solution was vortexed well and then spun at 13000g for 
10 minutes. A new RNA 6000 Pico chip was put on the chip priming station. Nine 
|il of gel-dye mix was pipetted in the well marked “®". The plunger was positioned 
at 1 ml and then the chip priming station was closed. The plunger was pressed until 
it was hold by the clip and then waited for exactly 30 seconds. After releasing the 
f . 
clip, another 5 seconds was waited and then the plunger was pulled slowly back to 1 
ml position. The chip priming station was opened and 9.0 ml of gel-dye mix was 
added in the wells marked “ ®，,. Before loading the sample to the chip, 9.0 |xl of 
RNA 6000 Pico conditioning solution was added in the well marked CS and 5.0 \i\ 
of RNA 6000 Pico maker was pipetted in all 11 sample wells and in the well marked 
“夕”.One |xl of the heat denatured and aliquote lader was pipetted in the well 
( 
marked “夕” and 1.0 |il of sample was pipetted in each of 11 sample wells. Finally, 
the chip was put in the adapter of the IKA vortex and vortexed for 1 minute at 2400 
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rpm. The chip was run in the Agilent 2100 bioanalyzer. After running the chip, the 
RNA quality profile was shown and the RNA integrity number (RIN) and 28S/18S 
ratio were calculated for RNA quality check. 
Since mRNAs are susceptible to degradation by RNase, the integrity of 
mRNA is equally important towards the good quality of mRNA. However, mRNA 
only comprises of 1-3% of total RNA samples and it is unlikely to detect such small 
amount of mRNA in the limited total RNA amount. On the other hand, ribosomal 
RNAs make up of >80% total RNA samples and it can reflect the integrity of 
mRNA population by examining the ratio of 18s and 28s (28s: 18s) ribosomal 
subunits (Imbeaud, 2005; Palmer, 2008). Figure 3.3 shows the ideal RNA quality 
profile exported from Bioanalyzer. Theoretically, the perfect reading of 28s: 18s 
should be equal to 2.7. However, the 28s ribosomal subunit is more susceptible to 
degradation, so 28s: 18s = 2:1 is the rule of thumb for implicating good RNA quality. 
Apart from the 28s/18s ribosomal ratio, Bioanalyzer also outputs a RNA integrity 
number (RIN) for referencing the integrity of the RNA sample. RIN is a trained 
dataset from different kind of samples, including various cell lines, normal and 
cancerous tissues. The trained dataset generates an algorithm to give a score (0 to 10) 
of each profile in which 10 is the best integrity while 0 is very undesirable. 
Normally, degraded RNA samples did not have a distinct peak of 18s and 28s and 
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the profile was relatively spiky with a smear observed on the gel image. Table 3.2 
shows the criteria to select RNA samples for further experiments. Bioanalyzer could 
also check the amplification and labelling efficiency of the cRNA. By examining the 
cRNA profile from Bioanalyzer, cRNA products with different size could be 
observed. Also, free dye in the sample could also been seen in the profile by 
inspecting any sharp peaks in the low molecular weight region (figure2.4). If many 
free dyes, i.e. non-sample-labelled, were present in the sample, the hybridization 
results would be affected by either high background signal or non-specific 
hybridization. 
3.3 Expression profiling by Microarray Experiments 
The whole human genome, dual-mode gene expression microarray platform 
from Agilent Technologies (Agilent Technologies, Santa Clara, CA, USA) was 
applied in the gene expression experiment. The array chip contains 41,000 unique 
probes from the whole human genome based on the Goldenpath Ensembl Unigene 
Human Genome (Build 33), RefSeq and GenBank database. Each probe on the array 
contains 60 oligo with optimized sensitivity and specificity for hybridization. All 
fetal retina samples were labelled Cy5 while the control fibroblast samples were 
labelled Cy3. 
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For microRNA (miRNA) expression experiments. Human microRNA 
Microarray kit (VI) from the same company as above was used. Each array contains 
540 miRNAs which includes 470 human miRNAs and 70 human cancer related 
virus miRNAs from four viruses (Epstein Barr virus, Human cytomergalorirus, 
Herpes simplex virus and saposi sarcoma-associate herpesvirus). The information is 
based on Sanger miRBase (Release 9.1 February, 2007) and each probe has 60-mer 
oligo. 
The labelling and hybridization procedures were based on manufacturer's 
protocol as follow. 
3.3.1 Gene Expression Microarray 
3.3.1.1 Prepare Labelling Reaction 
After the sample quality was checked, 500 ng of RNA was added to 1.5 ml 
microcentrifuge tube in an appropriate volume of 10.3 |xl. All samples were diluted 
such that at least 2 \i\ of sample was pipetted into the tube. From the Agilent Low 
RNA Input Linear Amplification Kit PLUS, 1.2 T7 promoter primer was added 
and ultra PURE RNAse, DNAse - free distilled water was used to bring the total 
< 
reaction volume up to 11.5 \i\. The primer and the template were denatured by 
incubating the reaction at 65 °C in Peltier Thermal cycler-100 (PTC-100) (MJ 
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Research, Watertown, MA) for 10 minutes. The reaction was then placed on ice for 
5 minutes. Immediately prior to use, the components for the cDNA Master Mix were 
gently mixed and 4 \i\ 5x First Strand Buffer, 2 jil 0.1 M DTT, 1 i^l lOmM dNTP 
mix, 1 10,1 MMLV- RT and 0.5 |il RNaseOUT were added in sequence, and were put 
on ice. 
The contents from the tube walls were removed by briefly spinning each 
sample tube in centrifuge 5415D (Eppendorf, Hamburg, Germany) and then were 
returned to ice. For each sample tube, 8.5 |nL of cDNA Master Mix was added and 
pipetted up and down. Those samples were incubated at 40°C in thermocycler for 2 
hours and then the temperature was shifted to 65°C for 15 minutes. Finally, samples 
are moved on ice for 5 minutes to cool down the reaction. Again, the samples were 
briefly spun in a microcentrifuge to remove tube contents from the tube wall and lid. 
The components for Transcription Master Mix were gently mixed and then 15.3 
|xl nuclease-free water，20 |il 4x transcription buffer, 6 |il 0.1 M DTT, 8 \i\ NPT mix, 
6.4 50% PEG, 0.5 |il RNaseOUT, 0.6 |il inorganic pyrophosphatase, 0.8 i^l T7 
RNA polymerase and 2.4 [d Cyanine 3-CTP or Cyanine 5-CTP were added in order, 
at room temperature. 
After that, 60 [i\ of Transcription Master Mix was added to each sample tube and 
gently mix by pipetting. Samples were incubated in PCR machine at 40 °C for 2 
53 
hours. 
3.3.1.2 Purify the Labeled/Amplified RNA 
For each reaction tube, 20 [i\ of nuclease-free water was added to the cRNA 
sample for a total volume of 100 [l\. By following the manufacturer's protocol of 
Qiagen's RNeasy Mini Kit (Qiagen, Stanford, CA), 350 \i\ of Buffer RLT was added 
and mixed well by pipetting. Then, 250 jil of ethanol (96% to 100% purity) was 
added and mixed thoroughly by pipetting. In total, 700 |il of the cRNA sample was 
transferred to an RNeasy mini column in a 2 ml collection tube. The sample was 
centrifuged at 4 °C for 30 seconds at 13,000 rpm. The RNeasy column was 
transferred to a new collection tube and 500 |xl of buffer RPE (containing ethanol) 
was added to the column. The sample was centrifuged at 4 °C for 30 seconds at 
13,000 rpm. The flow-through was discarded and the collection tube was re-used. 
Again, 500 \i\ of buffer RPE was added to the column and then the sample was 
centrifuge at 4 °C for 60 seconds at 13,000 rpm. The flow-through and the collection 
tube were discarded. The cleaned cRNA sample was eluted by transferring the 
RNeasy column to a new 1.5 ml collection tube. Thirty micro litre RNase-free water 
was directly transferred onto the RNeasy filter membrane and waited for 60 seconds. 
Then the column was spun at 4 °C for 30 seconds at 13,000 rpm. The cRNA 
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sample-containing flow-through was maintained on ice and the RNeasy column was 
discarded. 
3.3.1.3 Prepare Hybridization Samples 
For each microarray, 825 ng cyanine 3-labeled, linearly amplified cRNA, 825 
ng cyanine 5-labeled, linearly amplified cRNA and 11 |il lOx Blocking Agent were 
added and then were brought to 52.8 \i\ by Nuclease-free water. Finally, 2.2 \i\ 25x 
Fragmentation buffer was added and mixed gently by vortex. To fragment the RNA, 
the mixture was incubated at 60 °C for exactly 30 minutes. After fragmentation, 55 
III 2x GEx Hybridization buffer HI-RPM was added to stop the fragmentation 
reaction. The sample was mixed well by careful pipetting and bubbles were avoided 
to be introduced into the mixture. The sample was spun briefly in a microcentrifuge 
to drive the sample off the walls and lid. The sample was placed on ice and used 
immediately without storage. 
3.3.1.4 Hybridization, Washing and Scanning 
The clean gasket slide was loaded into the Agilent SureHyb chamber base with 
t 
the label facing up and aligned with the rectangular section of the chamber base. 
One hundred micro litre of sample was slowly dispensed onto the gasket well in a 
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'drag and dispense' manner and being sure not to touch the gasket walls. An array 
active side was placed down onto the SureHyb gasket slide, so that the 
"Agilenf-labelled barcode was facing down and the numeric barcode was facing up. 
The SureHyb chamber cover was placed onto the sandwiched slides and the clamp 
assembly was slid onto both pieces. The clamp was hand-tightened onto the 
chamber. The chamber was rotated vertically to wet the gasket and assess the 
mobility of the bubbles. Stationary bubbles were removed by tapping the assembly 
on a hard surface. The assembled slide chamber was placed in rotisserie in a 
hybridization oven set to 65°C. The hybridization rotator was set to lOrpm. The 
array was hybridized at 65°C for 17 hours. 
The gene expression wash buffer 2 was warmed to 37 °C in incubator the night 
before washing the array. The array was disassembled in Agilent GE Wash Buffer 1 
at room temperature and then washed in Agilent GE Wash Buffer 1 at room 
temperature for 1 minute, Agilent GE Wash Buffer 2 at 37 °C for 1 minute, 
acetonitrile at room temperature for 1 minute and then finally Stabilization and 
Drying Solution for 30 seconds. The array was ready to scan. 
I 
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3.3.1.5 Gene Expression Data Quality and Acquisition 
The scanned images were visualized and digitized by Feature Extraction 
version 9.5.3.1 (Agilent Technologies, Santa Clara, CA, USA). Background signal, 
non-uniform signal and the average raw signal on each probe were automatically 
detected and calculated. Furthermore, Localized Weighted Regression (LOWESS) 
normalization was applied in Feature Expression to adjust for dye bias on spot 
intensity. The resulting data files were generated and transferred to GeneSpring GX 
version 7.3.1 (Agilent Technologies, Santa Clara, CA, USA) for further analysis. In 
order to compare samples on different arrays and obtain meaningful data, several 
normalization methods in GeneSpring were applied including per gene (normalize to 
median) normalization and per chip (normalize to percentatile) normalization. 
Moreover, expression signal of each probe was divided by the corresponding control 
fibroblast signal to further normalize the intensity for later analysis. 
As the very beginning of this study, a fibroblast sample for control 
hybridization was used in the dye bias test. Two identical fibroblast samples with 
same amount (500ng) were labelled with Cy3 and Cy5 respectively. Then, the 
labelled samples were mixed together and then hybridized on the array. The raw 
data were subjected to LOWESS normalization by Feature Extraction version 9.5 
and per gene and per chip normalization by GeneSpring version 7.3.1. After 
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normalizing the data, non-stable probes and probes with no signal were filtered out. 
Finally, 27,799 genes were found to be present. From the scatter plot, no 
banana-shaped distribution was found. By using 2-fold difference and p-value equal 
to 0.05 cutoff, only 7 genes were found to differentially express which contribute 
0.017% of all probes on the array (figure 3.5) with Pearson correlation coefficient 
equal to 0.998. The results showed that dye bias did not seriously affect to this 
platform by setting the analysis constrain to fold change > 2 and p-value equal to 
0.05 cutoff (Schena et al, 1995). 
3.3.2 MicroRNA Microarray 
The total RNA concentration was measured by NanoDrop ND-1000 before 
starting the experiment. 
3.3.2.1 Dephosphorylation and Labeling Reaction 
Total RNA sample was diluted to 25 ng/uL in ultra PURE RNase, DNase - free 
distilled water. The total RNA was diluted just before use. The diluted sample was 
measured by NanoDrop ND-1000 again. Then, 100 ng of the diluted total RNA was 
added to a 0.5 ml microcentrifuge tube and maintained on ice. Water was added to 
total volume of 5.6 jil. Immediately prior to use, the components listed for the Calf 
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Intenstine Alkaline Phosphatase (CIP) (GE Healthcare, Piscataway, NJ) Master Mix 
were gently mixed. To prepare the master mix, 0.7 i^l lOx CIP buffer and 0.7 GE 
Healthcare CIP (16 U/|xl) were added in the order indicated and maintained on ice. 
After that, 1.4 of the CIP Master Mix was added to each sample tube for a total 
reaction volume of 7 |j.l and then the content was gently mixed by pipetting. The 
sample was dephosphorylated by incubating the reaction at 37 °C in a circulating 
water bath or heat block for 30 minutes. 
After dephosphorylation, 5 of 100% DMSO was added to each sample and 
mixed by pipetting. The sample was incubated at 100 °C in a thermal cycler for 8 
minutes and then immediately transferred to ice-water bath for 3 minutes. 
The lOx T4 RNA ligase Buffer was warmed at 37 °C and vortexed until all 
precipitate was dissolved. The GE Healthcare T4 RNA ligase (GE Healthcare, 
Piscataway, NJ) was diluted before use. The components for dilution buffer 
preparation were vortexed and then l\i\ lOx T4RNA Ligase Buffer, l^il 0.1% BSA 
and 8|xl RNase-Free water were mixed together. The T4 RNA ligase at 30 U/|xl was 
diluted by half, using the dilution buffer. Immediately prior to use, the ligation 
master mix was prepared by mixing 2 \i\ lOx T4RNA Ligase Buffer, 2 |il 0.1% BSA, 
3 |xl pCp-Cy3 and 1 \i\ Diluted T4 RNA Ligase (15 U/^1) and maintained on ice. 
Then 8 uL of the ligation master mix was added to each sample tube for a total 
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reaction volume of 20 |xl. The mixture was mixed gently by pipetting and spun down. 
The ligation reaction was initiated by incubating at 16 °C in a thermal cycler for 2 
hours. 
3.3.2.2 Gel Filtration to Purify the Labelled RNA 
To purify the labelled miRNA, Micro Bio-Spin 6 column (Bio-Rad, Hercules, 
CA) was used. To prepare the Micro Bio-Spin 6 column, the column was inverted 
sharply several times to resuspend the settled gel and to remove any air bubbles. The 
tip was snapped off and placed into a 2 ml microcentrifuge tube supplied with the 
columns from Bio-Rad. The green cap from the column was removed. The buffer 
was drained for about 2 minutes. The drained buffer was discarded from the 2 ml 
microcentrifuge tube and then placed back into the tube. The microcentrifuge tube 
containing the column was spun for 2 minutes at 1000 x g in a centrifuge. The 
column for the 2 ml microcentrifuge was removed and placed into a clean 1.5 ml 
microcentrifuge tube. The 2 ml microcentrifuge tube was discarded. 
To purify the sample, 30 of ultra PURE RNAse, DNAse - free distilled water 
was added to the labelled sample for a total volume of 50 |il. Without disturbing the 
gel bed, 50 |il sample was pipetted onto the gel bed from the preparation step. The 
purified sample was eluted by spinning the microcentrifuge tubes containing the 
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column for 4 minutes at 1000 x in centrifuge. The column was discarded and the 
miRNA sample-containing flow-through was kept on ice. 
3.3.2.3 Hybridization Sample Preparation 
Heat block was equilibrated to 100 °C. The labelled sample was dried down by 
using speed-vac centrifuge 5301 (Eppendorf, Hamburg, Germany) at 45 °C for 
about 30 minutes. The dried sample was resuspended to 18 [d by ultra PURE RNAse, 
DNAse - free distilled water. Then, 4.5 [d of the lOx GE Blocking Agent was added 
to the sample. For each sample, 22.5 |j,l 2x Hi-RPM Hybridization Buffer was added 
for a total of 45 The sample was mixed well but gently on a vortex mixer. The 
sample was incubated at 100 °C for 5 minutes and then transferred to ice-water bath 
for 5 minutes. The tube was quickly spun on a centrifuge to collect any condensation 
at the bottom. 
3.3.2.4 Prepare the Hybridization Assembly 
The steps were the same as gene expression microarray. In brief, to hybridize 
the sample to the array, all volume from the hybridization sample was dispensed 
onto the gasket well in a drag and dispense manner, being sure not to touch the 
gasket walls. After placing the active side down to the gasket slide and then 
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assembled the slide chamber, the slide was hybridized at 55 °C for 20 hours with 
rotation speed at 20 rpm. 
3.3.2.5 Washing and scanning 
The Agilent gene expression Wash Buffer 2 (GE Wash Buffer 2) was wanned to 
37 °C in incubator the night before washing the array. The array was disassembled 
in Agilent GE Wash Buffer 1 at room temperature and then washed in Agilent GE 
Wash Buffer 1 at room temperature for 5 minute, Agilent GE Wash Buffer 2 at 37 
°C for 5 minute, acetonitrile at room temperature for 1 minute and then finally 
Stabilization and Drying Solution for 30 seconds. The array was ready to scan. 
3.3.2.6 MiRNA Data Quality and Acquisition 
Similar to the gene expression procedures, the image was processed by using 
Feature Extraction version 9.5.3.1 (Agilent Technologies, Santa Clara, CA, USA). 
Background signal, non-uniform signal and the average raw signal on each probe 
were automatically calculated. The resulting data files were generated and 
transferred to GeneSpring GX version 7.3.1 for further analysis. As the same 
t 
amount of sample (RNA) quantitated by NanoDrop ND-1000 was added on each 
array, we assumed equal input on each miRNA any, so normalization was not 
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needed in GeneSpring analysis. So, to verify the compatibility between different 
miRNA arrays, identical placental tissue was labelled with Cy3 and hybridized on 
two separated arrays grips on the same chip. Placental tissue was chosen since its 
miRNA expression was more robust and stable compared with other tissues (Liang 
et al, 2007). After filtering out non-stable probes and probes with no signal, 300 
miRNAs were identified and no differential expressed gene was found at fold 
change ^ 2 and p-value = 0.05 with r = 0.98 (figure 3.6). So, it was suggested that 
cross array comparison was feasible by using the above cut-off criteria to analyze 
differentially expressed genes on two separate arrays. 
3.4 Statistical Analysis 
3.4.1 Data Normalization 
From Feature Extraction v 9.5.3.1， LOWESS was applied for 
‘intensity-dependent normalization' of the expression signal on each array (Zahurak 
et al., 2007). This normalization allowed the correction of strong non-linear dye 
distortion of Cy3 如d Cy5 signals and 'spatial-dependent' dye bias. (Yang et al” 
2002a; Yang et al., 2002b). Further data normalization was applied in GeneSpring v 
7.3.1 by dividing all measurements on each chip using 50*卜 percentile value and 
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compareing the relative change in gene expression levels using the following 
formula: 
(Signal strength of gene A in sample X) 
(Median of every measuremetn taken 
for gene A throughout the experiment) 
3.4.2 Significant Test 
The expression fold change cutoff was using the conventional 2-fold up- or 
down-regulation (Schena et al, 1995; Schena et al, 1996). For significant 
differential expressed genes between gestational week 9 and week 15, parametric 
unpaired t-test was used. In the test, the null hypothesis (Ho) and the alternative 
hypothesis (HA) of each gene were expressed as follow: 
H o : f l gene A;week9 — l i gene A; week 15 
H a ’ {1 gene A;week9 丰 / / gene A; week 15 
The p-value (significance level) cutoff was set at 0.05 which meant that if the 
p-value of a particular gene between gestational week 9 and week 15 was • 0.05，Ho 
was rejected and Ha was accepted (Di Camillo et al, 2007). In other word, the false 
discovery rate (FDR) of each differential expressed genes were • 5% (Zhang, 2006). 
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Pearson correlation analysis was used to perform the correlation study in this 
project. Either Microsoft Excel 2003 or SPSS 16.0 were used to generate the data in 
this project. 
3.4.3 Clustering 
Several clustering approaches including hierarchical clustering, self-organizing 
map clustering, principal component analysis, were applied in this study. All the 
above analyzes were preformed by GeneSpring v 7.3.1. 
3.5 Quantitative Real-Time Polymerase Chain Reaction Validation 
3.5.1 Reverse Transcription 
For quantitative real-time polymerase chain reaction (qRT-PCR), same total 
RNA samples from microarray experiments were used. First, RNA was reverse 
transcribed into cDNA. For each retina sample from different gestational weeks, 200 
ng of total RNA was mixed with 2 |a,l random Hexamer and 1 yd lOmM dNTP to 
total 24 \i\ reaction mixture. The mixture was first heated at 65 for 45 minutes 
and quickly chilled on ice for 1 minute. Then, 4 [l\ 5X First-Strand Buffer, 1 |xl 0.1 M 
DTT, 1 i^l 40 lU RNaseOUT and 1 200 lU Superscript III reverse transcriptase 
(Invitrogen Corporation, Carlsbad, CA, USA) were added to the reaction mixture. 
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The reaction mixture was heated to 25 for 5 mimutes, 50 for 50 minutes and 
70 oc for 15 minutes. 
3.5.2 Quantitative Real-Time PCR 
Thirty genes of interest (Appendix II) were selected from the gene expression 
microarray experiment for validation using the TaqM®an gene expression assays 
(Applied Biosystems, Foster City, CA, USA). Three hundred and eighty four- well 
plates were used and each well contained 2.5 \i\ Universal PCR Master Mix, 0.5 |j.l 
TaqMan probe, 0.1 C D N A and 1.9 JIL nuclease-free H 2 0 . The reaction mixture 
were heated at 50 for 2 minutes, 95 for 10 minutes, and then 45 cycles of 95 
for 15 seconds, 6 0 � C for 1 minutes in ABI PRISM 7900HT (Applied Biosystems, 
Foster City, CA, USA). The ABI PRISM® 7900HT Sequence Detection System 
was used for quantitative real-time PCR and the corresponding software，SDS 2.1， 
was used for data analysis. The 'C j ' value (threshold cycle) was automatically 
generated from the exponential increase of the detected signal from the software. 
Then, ‘ACt，was calculated by subtracting the 'CT' value of the sample from the 
‘Ct, value of the endogenous control {ACTB and GAPDH). The control normalized 
value was further subtracted by the corresponding sample of the same probe to 
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obtain 'AACj'. Finally, the n-fold differential ratio of gestational week 9 compare to 
gestational week 15 (or vise versa) was calculated by (Livak et al, 2001). 
3.6 Histochemical Staining 
3.6.1 Haematoxylin-and-eosin staining 
The sagittal section of whole human fetal eye was brought to distilled water 
and then stained with haematoxylin for 30 seconds. The section was rinsed by 
distilled water and then differentiated with 0.3% acid alcohol for 1 second. It was 
rinsed by distilled water again and stained with eosin for 2 minutes. Finally, the 
stained section was dehydrated by 80 % ethanol, 95 % ethanol, 100% ethanol and 
finally xylene for 5 minutes. 
3.6.2 Immunohistochemical staining 
The sample sections on glass slide were put on heat block at 50°C for 3 
minutes and then cooled down to fix the tissue tightly on slide. The samples were 
immersed in xylene for 5 minutes and then 3 minutes for dewaxing. To rehydrate the 
samples, the samples were immersed into 100% ethanol, 95% ethanol, 70% ethanol, 
water, 5 minutes. After that,' the antigens on the samples were retrieved by soaking 
in antigen retrieval solution (90ml 0.0IM citric acid, pH6 + 410ml 0.0IM Na citrate) 
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and then heat in microwave oven (900W) for 5 minutes. The antigen retrieved 
samples was washed by PBS.T (Tween 20，0.05%) for 5 minutes and then washed 
by PBS for 5 minutes, 3 times. Endogenous peroxidise was blocked by immersing 
the sample in 3% H2O2 in methanol for 30 minutes followed by PBS wash for 5 
minutes, 3 times. The sections on the slides were circled by wax pen. 
BSA/PBS.T (3% of BSA in PBS.T) was added on each circled sample on the 
slide and then put in moist chamber for 30 minutes. After the BSA/PBS.T was 
soaked up by Kimwipe® paper towel, 200 |j,l diluted primiary antibody (1:100 in 
BSA/PBS.T) was added on each sample and then incubated at 4°C overnight. The 
solution was soaked up and then washed in PBS for 5 minutes, 3 times. The 
secondary antibodies were diluted 1:2 in PBS.T for 12 minutes. The samples were 
washed by PBS for 5 minutes, 3 times. Two hundreds |j.l DAB substrate buffer was 
mixed with 6.4 \i\ DAB enhancer (Biocare medical, concord, CA, USA) and then 
200 |il mixture was applied on each sample. The reaction was stopped by distilled 
water when brown colour was developed. 
For counter stain, samples were immersed in haematoxylin for 1 minute and 
then immersed in 1% acid alcohol for 1 second. The sample was dehydrated in 70% 
ethanol, 95% ethanol, 100%"ethanol an then Xylene for 5 minutes. 
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3.6.3 In Situ Hybridization (ISH) for MicroRNA 
The section was firstly deparaffinized in xylene for 5 minutes, 3 times. After 
rehydration through 100% ethanol (2 times, 5 minutes), 70% ethanol (5 minutes), 
50% ethanol (5 minutes), 25% ethanol (5 minutes), DEPC treated H20 (1 minute) 
and PBS (2 times, 5 minutes), the section was deproteinated by proteinase K (3 
}ig/ml) at 37 °C for 1 hour. Then the section was rinsed by 0.2 % Glycine in PBS 
for 30 secconds, PBS twice for 30 secconds and was fixed for 10 min in 10 % 
formalin. After rinsed 2 times in PBS, the section was immersed in hybridization 
buffer (50 % Formamide, 5 x SSC, 0.1 % Tween, 9.2 mM citric acid for adjustment 
to pH6, 50 |ig/ml heparin, 500 ^g/ml yeast RNA) at room temperature for 2 hours. 
Two hundred microlitre of hybridization mix (hybridization buffer with 20 nM 
miRNA detection probe (Exiqon, Vedbaek, Denmark)) was added to the section and 
covered with Nescofilm in a humidified chamber at room temperature overnight. 
The section was rinsed by 2 x saline sodium citrate (SSC) (Invitrogen, Carlsbad, CA, 
USA) at 3 7 � C 2 times, 50 % formamide 3 times, 2 x SSC at room temperature for 
30 minutes and PBS.T (PBS + 0.1 % Tween20) at room temperature for 5 minutes, 5 
times and finally was incubated in blocking buffer (2mg/ml BSA in PBST) at room 
temperature for one hour. "After that, the section was incubated with antibody 
(1:1000 anti-DIG-AP Fab fragments in Antibody Diluent (Invitrogen, Carlsbad, CA, 
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USA) in a humidified chamber at 4 °C overnight. Subsequently, the section was 
washed 5 times in PBST for 5 minutes and 3 times in TBS for 5 minutes. Then the 
colour of LNA-ISH was developed by the light sensitive color reaction solution (1ml 
solution B + 3.3 50 mg/ml BCIP + 4.4 NBT) at 37 °C in a humidified 
chamber for Ihr 15 minutes. Then the section was washed 3 times in PBST for 5 
minutes. After air dry, the section was mounted by Histomount. 
70 
Chapter 4 Results 
4.1 Temporal Gene Expression of Human Fetal Retina 
During retinogenesis from human gestational week 9 to week 15, retinal 
ganglion cells begin to differentiate from progenitor cells on week 8 and cone cells 
start to differentiate on week 10, followed by the differentiation of amacrine cell on 
week 14. So, temporal gene expression highlights the morphogenesis of retina to 
trigger the differentiation to different cell types. We first screened our gene 
expression data by flag filtering in which only probes present or marginally present 
in one of the samples or more would be subjected to the clustering. In other word, 
probes which were absent or non-stably expressed in all samples were discarded 
from analysis. After filtering, 27,814 probes were found to be expressed in at least 
one of the samples and represented 67.7% of the whole human sequences on the 
array. From the signal distribution of these 27,814 probes (Figure 4.1), 243 probes 
(0.87%) with LOWESS normalized expression intensity signal higher than 100,000. 
Among them, 88 probes (36.2%) in this cluster encode for ribosomal proteins and 
actively involved in KEGG Ribosome pathway (Appendix III). 
From the 27,814 probes that were presence in retina, 15,767 unique genes were 
annotated (Appendix V). Among them, 0.17% (17) of genes and 0.77% (122) of 
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genes were responsible for synaptogenesis and neuron differentiation (figure 4.2); 
1.1 % (167 genes) related to sensory perception of light stimulus (figure 4.3); 1.3 % 
(207 genes) related to cell growth (figure 4.4); 3.3 % (523 genes) for nerve system 
development; 3.8 % (594 genes) related to cell differentiation; 4.0 % (631 genes) 
were in cell proliferation; 4.5 % involved in morphogenesis; 6.4 % (1,002 genes) 
were in cell cycle; 13.6 % (2,137 genes) involved in development (figure 4.5). 
Overview from the pathway analysis of those 27,814 sequences were significantly 
overlapped with cell cycle, Wnt signaling pathway, ribosome, axon guidance, 
TGF-beta signaling pathway, Hedgehog signaling pathway. Notch signaling 
pathway and circadian rhythm (Table 4.1). 
As the origin of retinoblastoma is from retina, we would like to investigate 
whether there were expression pattern differences between the cancerous tissue and 
normal fetal retina in human. Retinoblastoma has been proposed to be initiated 
around gestational week 21 and suggested to be retinal progenitor cell or horizontal 
cell origins, although this hypothesis is not mutually exclusive (Lee et al.’ 2006; 
Ajioka et al, 2007). Therefore, retinoblastoma contains genes not only important to 
•A 
maintain the cancer cells in proliferation stage but it might also share some unique 
retinal cell transcription profile. Therefore, using retinoblastoma tissues, we hope to 
identify the unique expression profile and differential expressed genes in human 
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fetal retinal tissues. Also, as human adult retina tissue was not available in this study, 
retinoblastoma tissue became another choice of sample for the reference of gene 
expression analysis. 
We have taken several approaches including a macro view (such as box plot, 
principal component analysis and conditional tree clustering) and micro view (such 
as gene tree clustering and line graph expression profile) to visualize the 
dimensionalities and characteristics of the expression pattern between developing 
and pathogenic retina. Box plot simply visualized the quality and sample 
characteristic by looking at the sample variance and median centralization. From 
figure 4.6, it clearly showed that all samples tested were centralized at median while 
retinoblastoma samples had a wider signal variation compared with fetal retina 
samples. The expression patterns were also fluctuated and diverse between different 
retinoblastoma samples. In contrast, gene expression profiles of fetal retina samples 
were concentrated within the 50th percentile around the median. 
4.1.1 Tissue specificity by Principal Component Analysis 
•A 
Different tissues have different gene expression patterns which create the 
unique expression profiles to identify one from others. Principal component analysis 
(PCA) was used to test if the selected samples could cluster to each other (or 
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separately), based on the variance and expression dimension of each sample. To find 
out the major characteristic of our gene expression data, we applied PC A to 
transforms our retina and retinoblastoma mRNA expression dataset to a new 
coordinate system called principal components (PCs) and calculated from the largest 
variance to the lowest variance of each dataset (Aidong, 2006). Only the largest 
variance, which describes the best direction of variation, from the data set was kept. 
By using this method, it was observed that 19 human fetal retina tissues, 7 
retinoblastoma tissues and 2 retinoblastoma cell lines were clustered separately 
(figure 4.7). All the fetal retina tissues were clustered together which suggested that 
the expression patterns may similar to each other. For retinoblastoma tissues, the 
expression dimensions by PCA were diverged from one another, which is in 
coherent to the box plot results. This observation may indicate the non-consistency 
of clinical samples with different demographic nature, such as age, tumour 
progression stage, and sample storage methods (Fait et al, 2005). 
4.1.2 mRNA Expression Profiling from Gestational Week 9 to Week 15 
To give a better understanding of the expression profile for each retina sample, 
an unsupervised hierarchic^ clustering was performed to create gene tree and 
conditional tree. From the hierarchical clustering results, a clear separation of 
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retinoblastoma samples and human fetal retina samples was observed in which all 
fetal retina samples were clustered on one branch which took apart from 
retinoblastoma samples (figure 4.8). Similar expression patterns were found across 
the fetal retina samples with consistent high and low expressed genes were observed. 
According to the gene tree clustering, retinoblastoma samples had a very different 
expression pattern. Similar observation has been demonstrated by PCA and box plot 
analysis, which indicated the gene expression profile of RB was distinctly different 
from normal fetal retina. 
Another way to visualize the expression profile across different arrays was 
continuous line graph. Unlike previous methods, line graph showed the trend of 
individual genes expression on different gestational weeks. The spiky profile 
showed on figure 4.9 indicated that gene expression did not remain steady 
throughout the gestational period. Although some genes were constantly expressed 
during this period of time (e.g. TUBB2 and ACTB) to maintain the basic 
physiological function of cell, many genes (e.g. PAX6, S0X3) were expressed on 
and off in fetal retina for growth and development. 
Many studies had shown that some signature genes such as RAX, PAX6, 
AT0H7, HESl and HES51 were prevelently found during early retinaogenesis 
(Furukawa et al, Gehring et al” 1999; Hatakeyama et al” 2004; 1997; Mathers et al” 
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1997; Leea et al.’ 2005; Mu et al., 2005; Pichaud et al.’ 2002). Although different 
experimental approaches were used in these studies, the expression of those 
signature genes showed a very high expression level. In our studies, the expression 
intensity signals of those genes were coincided with those studies with expression 
signal ranged from 1,000 to 111,450 (Table 4.2a and b). For genes which expressed 
in late-bom retinal cell types such as RHO, CRX CHXIO/VSXI, PDE6A’ RSI, 
MTNRIB and MTNRIA (Pittler et al., 2004; Neidhardt et al, 2006; Dyer et al” 2003; 
Ohsawa et al., 2009; Lemer et al., 2006; Molday et al.’ 2007; Savaskan et al., 2007), 
the expression were relatively low with the intensity signals lower than 1,000 in our 
data (table 4.2a). According to the above observation, the level of expressions were 
defined that the expression signals higher than 1,000 were highly expressed and 
below 1,000 were low expressed (table 4.2b). 
4.1.3 Characterization of Known Eye Specific Genes in Early Gestation 
From previous studies in animals and human, it was found that a number of 
genes were very important to control the process of retinogenesis. So，some of the 
I* 
known transcripts were selected for validation as well as further description. With 
4 
the reference from hierarchical clustering, PAX6 and S0X3 showed consistently 
expressed throughout the gestation weeks while downregulated in retinoblastoma 
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samples (Figure 4.10). PAX6 is a master control gene for eye development and the 
expression was detected strongly during early developmental stage (Gehring et al, 
1999) while SOX3 was found to inhibit progenitor neuronal cell differentiation for 
facilitating cell proliferation (Bylund et al.’ 2006). 
Bm3a is another well-known marker for retinal ganglion cell. This protein is 
encoded by POU4F1 for RGC development and neurite outgrowth. During 
retinogenesis, RGCs are always the first cell type to be generated in retina. Between 
human gestational week 9 to week 15，RGCs begin to be differentiated and then 
mature in the inner part of retina. From gene expression microarray results, the 
expression of P0U4F1 continuously increased from gestational week 9 to week 12 
and then the expression level remained constant up to week 15 (Table 4.3 & figure 
4.11). The above results suggested that RGCs started to increase in the early time 
frame and then the cell proliferation activities stayed constant afterward. To confirm 
our findings, real-time quantitative PCR was performed. Consistently, low and high 
expression signals of P0U4F1 were also observed between gestational week 9 and 
week 15 respectively (figure 13.12). After normalization by GAPDH, the result 
showed that P0U4F1 was 7.25 fold upregulated on week 15 compared with week 9. 
Such findings were further confirmed by immunohistochemical assay, where a layer 
of RGCs were stained positive for BRN3A (figure 4.13). In addition, our 
77 
immunostaining showed that, at gestational week 9, the thickness and cell number of 
RGC layer was significantly increasing towards gestational week 15. Finally, a 
distinct retinal ganglion cell layer was found at gestational week 14 (figure 4.13). 
From microarray and immunohistochemistry, temporal expression of P0U4F1 was 
observed and the results were consistent with genotype and phenotype correlations 
which evidenced the emergent and increase of RGCs were correlated with BRN3a 
expression between gestational week 9 and week 15. 
Apart from the genes described above, many signature genes for retinogenesis 
were also highly expressed in the arrays. For example, RAX and SIX6 which control 
the progenitor cell proliferation with expression signal 111,450 and 32,846 
respectively. Genes for retinal ganglion cell development and neurite outgrowth 
including, AT0H7 and POU4F2 (expression signal 31,256 and 12,501 respectively) 
were also highly expressed. For Notch signalling, which control the competency of 
retinal progenitor cells to differentiate to different cell types by signal transduction, 
those genes involved in this pathway were extensively expressed (table 4.2). 
4.2 Differential Expressed Genes between Gestational Week 9 and Week 15 
4.2.1 Unsupervised Clustering between Gestational Week 9 and Week 15 
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For fetal retina samples, 3 samples from gestational week 9 were clustered 
separately from those in gestational week 15 (figure 4.14). This result revealed the 
expression profile different between fetal retinas on gestational week 9 and week 15. 
According to the histology of early retina development between gestational week 9 
and week 15, morphological difference were clearly observed (figure 4.15). H&E 
staining showed that 2 continuous layers represented the outer neuroblastic layer and 
inner neuroblastic layer which contained retinal progenitor cells for retinal cell 
differentiation was observed. With reference to the immunostaining on the same 
week in figure 4.13, a layer of BRN3A stained retinal ganglion cell was found in the 
inner most layer on the retina, which indicated that RGCs had already appeared at 
week 9th. 
From the above observations, we confirm that the morphology as well as the 
mRNA expression profile of human fetal retina at gestational week 9 and week 15 
were very different which motivated the further investigation of genes differentially 
expressed at these 2 different stages. 
4.2.2 Statistical Calculation of Significantly Differential Expressed Gene by 
t 
Using GeneSpring 7.3.1 
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In view of the fact that the gene expression in fetal retinas behaved differently 
between gestational week 9 and week 15，several filtering tools and statistical 
calculations were done in order to look for stage specific genes. After filtered on 
flags (section 3.2) only genes that were present or marginally present in one of the 
samples or more, were subjected to the statistical calculations. Finally, 27,814 
(67.7%) probes out of the 41,059 probes presence in expression array were obtained. 
Further filtering the gene list by using 2-fold cut off and p-value equal to 0.05 
between gestational week 9 and week 15, a total of 513 (1.9%) and 1,099 (4.2%) 
probes were differentially expressed on gestational week 9 and week 15 respectively 
(figure 4.16). In other word, those transcripts which enriched at week 9 were 
transcripts upregulated on week 9 compared with week 15 with intensity at least 2 
fold or higher or vice verse in week 15. From volcano filtering (figure 13.17), it 
indicated the fold change and p-value. The cutoff criteria was base on the control 
hybridization of fibroblast in which most of the probes (99.98%) were not 
significantly up- or down-regulated at 2-fold and p-value equal to 0.05 cutoff. 
From the line graph at gestational week 9 and week 15, a cluster of up- and 
•A 
down-regulated trends were observed (figure 4.18). It evidenced that the expression 
magnitude for those differentially expressed genes on these 2 weeks were mutually 
exclusive to each other. Interestingly, back to the expression profile for those 
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differentially expressed genes 2 slightly upward and downward trends were found. It 
suggested that these 2 clusters of genes may have different expression patterns 
which might lead to the distinct morphological different on both gestational weeks. 
4.2.3 Statistical Clustering of Unique Expression Profile by Using 
Self-organizing Map (SOM) Clustering 
Base on the above observations, we hypothesized that several expression 
patterns might be appeared during retinogenesis. However, manually sorting the 
gene list with similar expression pattern across the expression library of over 25,000 
probes is too impossible. By using the self-organizing map (SOM) clustering in 
GeneSpring, various expression patterns across the gestational weeks was identified 
and clustered. SOM clustering results showed that total 42 expression clusters were 
identified and each of them had a unique expression pattern across the gestational 
weeks (figure 4.19). From the SOM diagram, "cluster 6,1" and "cluster 1,7" were 
identified by a special expression patterns with total number of genes 920 (2.2%) 
and 1,087 (2.7%) respectively. These 2 clusters were dissimilar from others by a 
distinct upward and downward pattern shown in figure 4.20. 
To further analysis the above data, both gene lists obtained from the statistical 
calculation and SOM clustering were compared to each other and then looked for 
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the common genes that could be found between both datasets. By using 
‘VLOOKUP，and 'MATCH' function in Microsoft Office Excel 2003, 2 'common 
genes lists', which represent genes upregulated on gestational week 9 and week 15, 
were generated (Appendix V). It was found that, for genes upregulated on week 9， 
56.2% (289 genes) of the statistical significant genes commonly found in SOM 
downward cluster. For genes upregulated at week 15, 35.0% (385 genes) of the 
statistical significant genes were commonly involved in the SOM upward cluster. 
This observation implicated that the SOM clustering were able to harboured genes 
with similar expression pattern as well as also identifying genes differentially 
expressed during retinogenesis. 
4.2.4 Functional Annotation of Differentially Expressed Genes 
To have a more in-depth knowledge on the genes that we identified, we data 
mined the gene list by gene ontology (GO) study. Those genes appear in both 
common gene lists on gestational week 9 and week 15 were largely involved in of 
gene cellular process (60.0%; 405 genes), physiological process (54.5%; 367 genes) 
and development (15.9%, 107 genes). In molecular level, the gene functions were 
mainly focused on bind activity, catalytic activity and transcription regulator activity 
(figure 4.21 and figure 4.22). Although both gene lists shared similar GO terms from 
82 
the above analysis, the number of genes involved and the genes enriched in the 
sub-categories did not seem to behave the same. Table 4.6 showed the assorted GO 
terms which might involve in the fetal retina developmental process. From this table, 
genes which upregulated on gestational week 9 were more enriched in development 
in which 9.0% (15/289) of gene were involved in morphogenesis and 7.3% (21/289) 
of genes were occupied in organ development. Although both gestational weeks 
shared similar percentage of gene in the response to stimulus, more genes were 
found to engage in sensory perception of light on gestational week 15 (4 times 
higher than week 9). Obviously, number of gene related in cell differentiation was 
increased on gestational week 15 which included 4 genes {SP0N2, NTNG2, NRXN3, 
and BAIl) involved in neuro differentiation and 1 gene (NRL) involved in 
photoreceptor differentiation. For cell proliferation, similar portion of genes were 
observed in both gestational weeks but more genes were found to negatively 
regulate the proliferation mechanism on gestational week 15. Since both gene lists 
were obtained from 2 different gestational weeks, it was not surprising that these 2 
clusters of gene were involved in different cell phenomena. Nevertheless, these 2 
gene clusters share a significant portion of transcripts negatively (APEGl and BTGl) 
and positively {NRPl and ILll) regulating genes involved in growth and 
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differentiation, which were vital for developmental processes and important for 
regulating cell differentiation. 
4.3 Quantitation of Candidate Eye-Specific Genes by Real-Time PCR 
To confirm the list of genes identified from microarray. RT-PCR was used to 
validate the finding. From the common gene lists on gestational week 9 and week 15, 
genes with fold change higher than 4 and p-value small than 0.05 (table 4.7) were 
selected for quantitative real-time PCR validation. These genes represented 4.5% 
and 3.9% of highly upregulated at week 9 and week 15, respectively. Both 
expression data from microarray and quantitative real-time PCR platforms showed a 
consistent result (Figure 4.23 & 3.24). For those genes upregulated at gestational 
week 9 in microarray data, positive fold changes were found in all selected genes for 
quantitative real-time PCR (figure 4.23). Same result was observed for genes 
upregulated on gestational week 15 (figure 4.24) in which parallel fold changes were 
found in both experiments. The above results validated that genes with high fold 
change in this microarray platform were also shown a coherently expression 
difference in quantitative real-time PCR experiment. Although, the absolute fold 
changes were different after we normalized with house keeping gene. The 
confirmation of gene expression from microarray data was very important before 
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performing further study so as to minimize the noise expression for future functional 
study. 
In summary, a comprehensive gene expression profile was obtained from the 
microarray experiment. In total, 27,814 (67.7%) probes were expressed in all retinal 
samples. Gene ontology study showed that highly expressed genes were related to 
nerve system development and cell differentiation. KEGG pathway analysis 
revealed that axon guidance, cell cycle and Wnt signaling significantly were 
involved in the early retinal development. From the gene expression data, signature 
genes such as HESl, HES5 and AT0H7 for retinogenesis were identified. Moreover, 
differential expressed genes at gestational week 9 (GAL and DLXl) and week 15 
(INHBB and RCVRN) were observed and further confirmed by real-time PGR. 
4.4 Novelty of the human Fetal Retina mRNAs 
Several well established gene expression databases were constructed in public 
domain for data mining and searching gene novelty. For genes expressed in the eye, 
recourses such as, NEIBank from National Eye Institute (http://www.nei.nih.gov/), 
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) from 
National Center for Biotechnology Information (NCBI), RetinaCentral 
(http://www.retinacentral.org/) from The University of Wuerzburg, and Retinal 
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Information Network (RetNet) (http://www.sph.uth.tmc.edu/Retnet/) from The 
University of Texas Health Science Center, contain information summarized from 
various studies and literatures for public reference. 
The database from RetinaCentral is one of the largest databases which contain 
adult retina related genes extracted from 27 mammalian studies in which cDNA 
sequencing, microarray and serial analysis of gene expression (SAGE) were applied 
to look for gene expression pattern in retina in these studies. Pervious calculation 
from the gene expression profile showed that 27,814 probes on the array were found 
to be expressed on one or more gestational stages during retinogenesis. However, the 
redundant list may contain genes which represent more than one probe. So, a 
non-redundant gene list was created by deleting repeating genes using filtering tool in 
Microsoft Office Excel 2003. By sorting out the redundant probes from this cluster, 
21,032 genes were identified from 27,814 probe list. Using database from 
RetinaCentral, 12,178 (57.9%) genes are commonly found between RetinaCentral and 
our expression data and 8,845 (42.1%) genes are uniquely expressed in our array 
(figure 4.25). In this uniquely expressed gene cluster (8,845 genes), 2,515 (28.4%) 
genes have expression signal higher than 1,000. Among 2,515 highly expressed genes, 
1,496 (59.5%) genes are annotated by Genbank and/or GO terms and the remaining 
probes are either hypothetical proteins or ESTs that are not fully characterized. The 
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novelty of several highly expressed genes with expression signal intensity more than 
1,000 were checked by using a powerful search engine in NEIBank Libraries 
(http://neibank.nei.nih.gov/cgi-bin/search.cgi) which contains database from 
BodyMap, JHU (Johns Hopkins University), NEI, NIDCD (National Institute on 
Deafness and Other Communication Disorders), University of Washington and 
dbEST. The search was confined in 'human retina' and 'human whole eye, categories 
which included both adult and fetal retina tissues. The datasets used in NEI database 
includes NbLib0042, NbLib0129, NbLib0004, NbLib0038, NbLib0079, NbLib0065, 
NbLib0124, NbLib0013, and NbLib0132. Table 4.8 summarized the findings of the 
above search. In brief, POU3F3, PH0X2A，S0X3’ LBXl, ANKKl, NEUR0G3, 
PCDHBll and GAL were neuronal related with expression signal higher than 10,000 
which could not be found in the NEIBank Libraries which may potentially important 
to retinogenesis. 
4.5 MicroRNA Expression Profiling in Early Retinogenesis 
Nineteen miRNA expression microarrays, included 14 fetal retinal samples, 1 
retinoblastoma cell line and 1 retinoblastoma tissue were done. In this set of 
experiment, same biological samples were used from gene expression microarray so 
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that we can assess the mRNA-miRNA tight correlation as proposed by others 
(Kawaji et al, 2008; Arora et al, 2007; Doench et al, 2004) 
In each array, 470 human miRNAs were screened. By calculating the data from 
all fetal retina samples, 68% of miRNA was expressed on one or more than one 
gestational weeks in which 183 miRNAs were consistently expressed in all 
gestational weeks (figure 4.26). The average expression signals of miRNAs 
followed the normal distribution as a symmetric bell-shaped histogram was observed. 
For miRNAs which consistently expressed at all gestational weeks (183), the 
expression intensity ranged from 16.33 to 22,440. In this cluster of miRNA, 26.2% 
(49 miRNAs) of miRNAs with intensity higher than 1,000 and 3.8% (7 miRNAs) 
with expression intensity signal higher than 5,000. Unlike gene expression data, not 
many miRNAs were found to appear in fetal retina. So, only miRNAs on the top of 
the expression distribution (expression intensity signal higher than 1,000) (figure 
4.26) would be examined. 
Before looking at the entire microRNA expression profile, hierarchical 
clustering was done to assess the expression characteristics of different arrays 
(figure 4.27). Hierarchical clustering of those samples showed that fetal retina 
samples were clustered together which separated from retinoblastoma samples 
(figure 4.27). Although the clustering could not clearly gather the same gestational 
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week on the same branch, consistence present or absent of miRNAs were observed 
across different retina samples. This special miRNA expression pattern in 
hierarchical cluster leaded to the identification of fetal retinas from other samples. 
Twenty-five miRNAs were highly expressed with intensity over 2,000 in 
which hsa-miR-124a was highly expressed throughout the gestational weeks (figure 
4.26). Surprisingly, four unidentified miRNAs, hsa-miR-19b, -92, -20a, -106a and 
-103’ expressed in human fetal retina with average expression signal higher than 
4,000. These four miRNAs consistently expressed in all gestational weeks and fall 
within the top 25 highly expressed miRNAs listed in table 4.9 
For those with expression signal around 1,000, miR-182 was choosen for in 
situ hybridization experiment. It had been shown that miR-182 was highly expressed 
in neural retina layers (Karali et al, 2007) and our perivous RT-PCR result also 
confirmed the high expression in fetal retina tissues and retinoblastoma samples 
(Lau, 2007). In our microarray data, the average expression signal of miR-182 was 
1,049. In situ hybridization (ISH) showed that this miRNA were localized on the 
neural retina region at human gestational week 9 and week 17 (figure 4.33). Distinct 
localization was found on gestational week 17 in which the expression of miR-182 
I 
was observed on outer neuroblastic layer as well as in the inner neuroblastic layer 
including RGCs. Coincidently, we found that the miR-182 expression was also very 
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high in RB tissues (figure 4.34). The expression signal of the RB tissue and RB cell 
line (WERI-REl) in microarray were 3,699 and 1,541 respectively. 
4.6 Correlation between Coding and Non-coding RNA According to the 
Expression Pattern on Microarray. 
As the function of miRNA is negatively regulating coding RNA to control its 
various biological processes (figure 1.8), this study would also like to look at the 
relationship between both miRNA and messenger RNA in our fetal retina data, base 
on the expression microarray experiments and mathematical calculations. 
4.6.1 MiRNA Target Gene Analysis 
A single miRNA always has multiple predicted mRNA targets. As a result, 
manually searching mRNA targets from a group of interested miRNA will not be an 
easy job. Nevertheless, by using a special targeting function in GeneSpring, 
searching for mRNA target becomes possible. In this data analysis, those top ten 
highly expressed miRNAs from our retina data were imported to GeneSpring and 
looked for the target genes. Base on the miRanda algorithm (Enright et al, 2003) 
( 
adopted by GeneSpring targeting system, 2,928 mRNA were successfully targeted 
by setting p - value = 0.005. 
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At the same time, those targeted genes were subjected to GeneSpring pathway 
analysis. It was found that this cluster of gene was significantly involved in the cell 
cycle, neuroactive ligand-recepter interaction and axon guidance pathway (table 
4.10). It was suggested that, the highly expressed miRNA(s) in developing retina 
might involve in fine tuning of mRNA expression of genes controlling the early 
retina developmental process involving cell cycle, neuroactive ligand-recepter 
interaction and axon guidance pathways. 
4.6.2 Correlation analysis between miRNA and its target transcripts according 
to Global gene expression profile in retina. 
As miR-124a has the highest overall expression signal from gestational week 9 
to week 15, further correlation analysis was done. In addition miR-124a has been 
relative well studied (Conaco et al” 2006; Lim et al,, 2005; Makeyev et al., 2008; 
Visvanathan et al., 2007). Pearson's correlation coefficient (r^) was first applied to 
calculate between the expression level of miR-124a and global mRNAs (27,814 
probes) consistently expressed in retina (shown on figure 4.1) from gestational 
tk 
week 9 to week 15. From this calculation, it was found that 46.5% of its targeted 
genes were negatively correlated with miR-124a in which 20.9 % and 10.5 % of 
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genes had correlation coefficient higher than -0.5 and -0.7 respectively (figure 
4.28). 
To further validate our finding, we chose a well established known dataset 
from TargetScan v4.1 developed by Welcome Trust Sanger Institute, UK. From 
this website, 773 targets were predicted for miR-124a. We selected the highly 
correlated (with r^  higher than -0.7) (Ruike et al, 2008) miRNA-mRNA targets 
and then match with the predicted gene list from TargetScan. It was found that 106 
genes were matched in which 47 genes were among the highly abundance genes 
(Table 4.11). 
As our result proof the principle that there is a tight correlation between 
mRNA-miRNA in retinal tissues, we further selected several genes and investigate 
the possibility of identifying their corresponding miRNA in retina. By using data 
set from TargetScan v4.1, we started with GAL, which is highly upregulated at 
week 9. Four corresponding miRNAs, miR-617, miR-626, miR-548 and miR-345, 
were found. The expressions of those miRNAs and GAL from gestational week 9 
to week 15 were plotted on the same graph (figure 4.29). Figure 4.30 showed that 
only miR-345 had a inversion trend compared with GAL and the expressions of 
other 3 miRNAs were very fluctuating and the signals were very low. By using 
SPSS, the scatter plot of GAL and miR-345 expression signal were constructed. 
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Statistical calculation showed that the Pearson correlation is equal to -0.913 and 
the p-value is equal to 0.011. So, it evidents that both GAL and miR-345 signals 
were strongly negative correlated with each other with level of significant small 
than 0.05. For DLXl and DLX2, similar negative correlation pattern were observed 
on miR-19b and miR-124a by using the same targeting approach (figure 4.3 & 
figure 4.32). 
In summary, we identified a sub-set of miRNAs that were highly expressed 
throughout human retinogenesis. This cluster of miRNA included some well 
known miRNAs such as miR-124a and miR-9 for retinogenesis as well as novel 
miRNAs such as miR-92 and miR-106a. Spatial distribution of miR-182 by ISH 
confirmed its presence and differential expression in fetal retinoblastic layer at 
gestational week 9 and spread out to retinal ganglion cell layer by week 17. In 
addition, correlation analysis between miRNAs and mRNAs revealed a strong 
negative correlation between miRNAs and its target mRNAs such as GAL and 
miR-345 were observed by statistical calculations. 
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Chapter 5 Discussion 
5.1 Characterization of the Gene Expression Profile 
In order to characterize the gene expression nature in human fetal retina, a high 
throughput technique was used in this study to visualize genes participated in the 
function of development. As massive of data was generated by microarray technique, 
meaningful results were required for further analysis and future investigation. In this 
study, various bioinformatics tools were used to examine the gene expression 
microarray data, thus picture the expression patterns and significant features related to 
retinogenesis. Nonetheless, there is no single graph or figure can perfectly express the 
entire expression characteristic individually. So，various analytical methods are used 
to inspect the high throughput data in different ways. For example, box plot reveals 
the sample variance between different arrays; principle component analysis (PCA) 
calculates the expression distance between samples base on the expression dimensions; 
hierarchical clustering uniquely shows an expression pattern of different samples and 
then visualizes on the same diagram. In this experiment, retinoblastoma (RB), a 
cancerous tissues derived from the retina as origin, was used to identify the specific 
expression of normal human fetal retina tissues. Although the tumor cells and the 
retinal cells express similar markers in certain extent (Dyer et al” 2005), the gene 
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expression of both samples in our study show a differentiate pattern by using those 
tools described above. This observation reveals that the resulting genes detected in 
this microarray platform were able to identify transcript and non-coding RNAs that 
with tissue specificity. 
5.1.1 Indigenous Genes Expression in Human Fetal Retina 
5.1.1.1 Overview of the mRNA Expression 
Calculation from the gene expression profile showed that 27,814 (67.7%) unique 
probes were found to be expressed on one or more gestational stage during 
retinogenesis. In this study, we purposely use less stringent criteria to include probes 
which were present or marginally present in one of the samples. We hope that the data 
pool will be able to contain genes that were potentially differential expressed on 
different gestational weeks, i.e. relative low expression from early stage to very strong 
expression at later gestational stage and so forth. Our results showed that 243 (0.87%) 
probes with expression intensity signal higher than 100,000 which consider highly 
expressed in our array. From this cluster, more than one third of the probes encoded 
for ribosomal proteins. This expression phenomenon also observed in fibroblast and 
t 
retinoblastoma in which 36.6 % and 33.2 % of those probes in the same expression 
range were found. Our data is coherent with our previous study and other studies that 
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expressions of ribosomal coding genes are constantly highly expressed in various 
tissues although some tissues may have tissue specific ribosomal proteins (Choy et ai, 
2007，de Jonge et al, 2007; Thorrez et al” 2008). This is also the reason of ribosomal 
coding genes become a choice of housekeeping genes for normalization and reference. 
Apart from ribosome protein, the highly expressed cluster also contains a significant 
number of genes encode for basic cell structure and function, such as histories，actins 
and translational elongation factors (Appendix III). The functional annotation analysis 
suggests that genes with high expression in retina are largely control the cell survival 
and basic cell physiological functions. Still, some interesting genes in the same cluster 
were found. For example, CRABPl is a retinoic acid-binding protein for 
differentiation and proliferation process; STMN2 is a neuronal growth-associated 
protein; PRPH is cytoskeleton protein specific for neurons; SOX4 regulates 
embryonic development and in the determination of the cell fate, and; RAX is 
important for the proliferation of RPCs. These highly expressed genes are either 
neuron specific or related to proliferation/differentiation mechanism for early retina 
development. The remaining probes are either hypothetical proteins or expressed 
sequence tags (ESTs) located in various regions in human genome. 
By examining those genes we described in section 1.4.1 and 3.2.2, genes well 
known for retinogenesis are highly expressed especially for those bHLH and 
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homeobox gene family located on the upstream during retinogenesis. For instance, 
RAX, PAX6, SIX6, AT0H7, HESl and HES5, which are involved in the early RPCs 
proliferation, have a very high expression intensity signals over 20,000. The high 
expression implicates that RPCs are actively proliferating between gestational week 9 
and week 15 and many cells in retina remain primitive. By further choosing P0U4F1 
for immunostaining and real-time PCR, it shows that the amount of BRN3A labeled 
cells is proportion to the expression signals on microarray. So, it suggests that 
expression levels of a particular gene in our expression library can reflect the enriched 
cell populations in retina during different gestational weeks. Also, the mRNA 
expression profile reflects the tissue physiological status during the retina 
developmental process. 
Nevertheless, one constraint of this experiment is that, the gene expression 
analysis from microarray data only consider genes expressed in retinal region. It 
means that some extrinsic factors/molecules which express outside retina cannot be 
identified. For example, FGFl is considered to be one of the factors to accelerate the 
formation of RGCs but the expression location is in optic stalk (Cepko 1999; Yang et 
al, 2003). From our expression library, the FGFl signal was very low. The average 
LOWESS normalized signal of all probes represented FGFl gene was only 40.8. 
Nevertheless, one of the FGFl receptors, FGFR3 (Omitz et ai, 1996; Reuss et al, 
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2003), had a high expression signal in our data (table 4.2). It suggests that though the 
gene expression signal of FGFl could not be detected, the signal transduction could 
also be taken place once the protein expression present. Other fibroblast growth 
factors, FGF2, FGF3, FGF 13 and FGF9 were also highly expressed in the arrays and 
all of them show a potential neurogenesis property according to different literatures 
described (Table 4.2). For example, FGF3 initiates neuron differentiation in zebrafish 
retina (Martinez-Morales et al, 2005) and FGF2 shows a neurogenesis function 
during CNS development (Dono et al., 1998). Sun (2000) described that the level of 
FGF9 was regulated by Shh signalling pathway during limbs development. During 
retina development, Shh signalling is important for RPC differentiation. Although the 
SHH expression is not high in our data, the key elements, GLIl, GLI2 and GLI3, are 
extensively expressed. These genes are essential to maintain the proliferation of RPCs 
by triggering Wnt signalling and TGF signalling pathway. For FGFl3, the full 
function is not known but study in Xenopus showed that this fibroblast growth factor 
had a possible neural differentiation function during CNS development (Satoko et al, 
2007). 
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5.1.1.2 Characterization by Gene Ontology and Human KEGG Pathway 
To have a more in-depth knowledge on the cluster of twenty thousand genes that 
we identified, we data mined the gene list by GO annotation according to different 
ontology, including biological and molecular function and looked for the amount of 
genes that involved. From the category of sensory perception of light stimulus, two 
hundred and forty-eight (1.6% of gene out of 15,767 annotated gene in GO) genes 
were classified in this category from GO database and we had 167 (1.1%) genes in 
our cluster occupying in this GO term. We can observe that this cluster of gene 
enriched in visual perception. For example, genes are well known for eye 
development such as PAX6, RAX, SIX3, SIX6, CYPIBI, RCVI, ROMl and OPAl are 
found. On the other hand, many genes important for retinogenesis are categorized in 
term of neurogenesis, such as HESl, P0U4F1, POU4R2, POU4F3, NEUROD 1, 
NEUR0D2, S0X3, 0TX2 and SHH. So, these results validated our microarray 
approach and confirm its ability to identify gene important for eye development. 
Similar evidence can also be found by KEGG pathway analysis that 79.2 % and 90.9 
% of genes in Shh signaling pathway and Notch signaling pathway were significantly 
presence and overlapped in our gene cluster. These two pathways have been described 
to affect the cell proliferation and differentiation during retina development. When we 
refer to the upper part of the list in table 4.1 sorted by percentage of overlapping genes, 
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82.9% of gene MAPK signaling pathway overlaps with our gene cluster (27,814). 
MAPK pathway is one of the most complex signal transduction pathways in our body. 
This pathway is triggered by extrinsic factors such as nerve growth factors (NGF), 
transforming growth factors (TGF), tumor necrosis factors (TNF) and fibroblast 
growth factor (FGF) for mitogen-activated protein kinase (MAPK) signal transduction 
cascade inside the cell (Orton et al, 2005). This complex pathway results to cell 
proliferation and differentiation, and triggering cell cycle and Wnt signaling pathway. 
Interestingly many of them are interrelated with each other within the KEGG 
pathways database (figure 5.1). We summarized the identified pathways in figure 5.1， 
and they were able to be classified as differentiation/development, and proliferation. 
Pathways such as MAPK signaling, TGF-B signaling, Wnt signaling, tight junction 
and focal adhesion are involved in both differentiation and proliferation functions. We 
hypothesis these pathways are interacting to each other for bridging the connection 
between differentiation and development functions in retinogenesis. Cell cycle 
progression was regulated by Wnt signaling pathway, MAPH signaling pathway and 
TGF-B pathway. At the same time, these 3 pathways also regulating adhesion 
junction for cell growth and differentiation. On the other hand, genes participating in 
the regulation of actin cytoskeleton pathway during cell development will be 
important for axon guidance, axon attraction, repulsion and outgrowth. Moreover, the 
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presence of focal adhesion pathway evidence that the cells undergoes active migration 
in fetal retina during cell differentiation and proliferation period for the correct spatial 
distribution and tissue patterning. 
5.1.2 Gene Expression Data Comparison from Public Database 
By comparing our non-redundant dataset to RetinalCentral, 8,845 genes are 
uniquely expressed in our array. We further characterized some interesting genes by 
using GO (Appendix VI and table 4.8). Under the nerve development category from 
GO, CHST8 and S0X3 are found. CHST8, NEUR0G3, POU3F3 and SOX3, are 
classified in CNS development and ANKKl, GAL, PCDHll (Frank et al, 2002), 
PCDH13 (Frank et al, 2002) and SLITRK4 are related to neuron development and 
synaptogenesis. Individual genes observation found that LBXl partially encoded for 
homeobox domain protein and is responsible for neurons specification in dorsal spinal 
cord (Miiller et al, 2002; Gross et al, 2002); SLC38AI regulates the recycling of 
glutamate which is a precursor of synaptic transmitter (Gu et al, 2001). FUT6 showed 
differentially expression between human fetal and adult stage (Mollicone et al, 1992); 
MI AT is highly expressed in fetal brain tissue but the function is unknown (PubMed: 
OMIM); RISl functions in a neuronal survival pathway; PHOX2A regulates the 
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expression of tyrosine hydroxylase and dopamine beta-hydroxylase for differentiation 
and maintenance of the noradrenergic neurotransmitter (Benfante et al, 2007). 
As described earlier in section 1.6, RetNet provides information of genes that 
contributes to congenital retinal diseases (Appendix I). From this database, 108 (56.8 
%) genes were matched in our data. With expression signal higher than 1,000, eight 
(7.4 % out of 108 genes) genes are involved in Bardet-Biedl syndrome and nine (8.3% 
out of 108 genes) genes are related to Retinitis pigmentosa (table 5.1). This 
observation implicates that these eye diseases may due to the expression defect of the 
corresponding gene(s) which appear in retina during early developmental stage. 
5.2 Stage Specific Genes Expressed on Week 9 and Week 15 
From the fold change and p-value filtering, and SOM clustering, up-and 
down-regulated trends from gestational week 9 and week 15 were observed. As 
reference from the H&E staining and immunostaining of BRN3A, the morphology 
and cell type contents of the retina at gestational week 9 and week 15 are very 
different. So, gene differentially expressed on one stage but not on the other may be 
associated with the cell fate and differentiation between these two stages. Therefore, 
we ask whether the isolation of these two different gene clusters might lead to the 
discovery of stage specific genes related to retina development. 
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5.2.1 Characterization of Stage Specific Genes by Gene Ontology Analysis 
By dissecting both gene clusters base on gene ontology terms, several 
characteristics of these 2 clusters are observed. We first hypothesize that gene at 
gestational week 9 are more in proliferative mean, as a thick neuroblastic layer which 
contains multipotent RPCs was observed from the histology diagram (figure 4.13 & 
figure 4.15). At gestational week 9, cells are preparing for or starting to differentiate 
and some of them are reserved for late bom retinal cell types by maintaining in 
proliferation stage. Indeed a higher percentage of genes for morphogenesis, organ 
development and growth were found when comparing with gestational week 15 (table 
4.6). Morphogenesis is one of the fundamental steps to development tissues and 
organs. Genes involved in this category control cell growth to increase cell number 
and size. Also, those genes regulate the spatial distribution of cells to give a correct 
shape of the tissue by placing the cell into right place for differentiation. 
Genes appear at gestational week 15 are expected to involve in differentiation as 
a specific retinal pattern was observed and cells were observed to differentiate in the 
particular layers. From our data, higher percentage (5.7% compared to 3.8%) of genes 
is involved in cell differentiation when compared with week 9 and one of them is 
responsible for photoreceptor differentiation. For sensory perception of light, a lot 
more (4.2% at week 15 compared with 1.4% at week 9) of genes are involved in 
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visual perception on gestational week 15. It implies that the cell cluster in this tissue 
becomes more eye/retina specific as they devote their function to light perception. 
Although the number of genes involved in cell proliferation on gestation week 9 is not 
obvious, half of the genes in cell proliferation category on week 15 negatively 
regulate cell proliferation. It suggests that the cell proliferation rate on week 15 may 
be slowed down. This result is also consistent with the morphological observation that 
a thinner neuroblastic layer was observed. The amount of RPCs was decreased and 
the highly proliferative retinal cells were shifted to differentiation event. 
5.2.2 Known and New Retinal-Specific Genes Upregulated on Gestational Week 
9 
5.2.2.1 ALDH1A1A/STRA6 
From the highly upregulated gene at gestational week 9，two genes, ALDHlAl 
and STRA6 are related to retinol (vitamin A) metabolism and function respectively. 
Retinol has a broad spectrum of functions in our body. During embryogenesis, this 
molecule is responsible for various functions including initiation of organ 
development, cell fate commitment and early axial patterning (Niederreither et al, 
2008). Eye development is required the presence of retinol which metabolized to 
retinoic acid (RA) by enzyme encode by ALDHlAl (also known as Raldhl or Ahd2) 
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gene. It was found that spatial expression of ALDHlAl in dorsal retina was essential 
for dorsalventral patterning during retinogenesis (Wagner et al, 2000). A finding in 
mouse from Fan (2003) showed that the metabolism of retinol by aldhlal in neural 
retina was needed only during early retina development. This data is consistent with 
our result which showed a highly upregulated pattern on gestational week 9. From a 
supplementary graph showed on figure 5.2, a rapid decrease of expression was found 
between gestational week 10 and week 11 and the expression signal was remaining 
low afterward. From the same RA metabolic pathway, STRA6, also showed a 
temporal expression between both gestational weeks. STRAl encodes for a 
transmembrane protein which is the main gate for retinol uptake into the cell. Retinol 
complexes with retinol binding protein, which has a high affinity with STRA6, and 
facilitates the uptake of retinol into the cell (Kawaguchi et al” 2007). Inside the cell, 
retinol binds with cellular retinol binding protein (CRJBP) and then metabolized by 
ALDHlAl to form RA. RA transloactes into nucleus and complexes with retinoic acid 
receptor/retinoic X receptor (RAR/RXR) dimmer to activate the transcriptional 
regulatory cascade (Kawaguchi et al” 2000; Simeone et al, 1995) (figure 5.3). Those 
upstream and downstream genes are also consistently expression on our array (figure 
5.4). Similar retinoic acid pathway between egg yolk and placenta was summerized 
by Kawaguchi, (2000) and showed in figure 5.3 for further reference. 
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5.2.2.2 GAL 
Galanin is neuropeptide which encoded by GAL gene. This neuropeptide has be 
discovered 25 years ago by Mutt and Tatenmoto (Kuteeva et al., 2008). This peptide 
has recently been revealed with its broad functions including CNS and PNS neural 
protection (Hobson et al, 2008), inflammatory response and wound healing (Bauer et 
al, 2008), and various neuroendocrine function for diverse physiological response 
including arousal regulation, cognition, feeding and repoduction (Mechenthaler, 2008). 
It was found that galanin had a neurotrophic effect during developmental stage and 
regeneration effect after neural injury (Hobson et al, 2008). Study from rat showed 
that after section of peripheral nerve from adult rat, galanin was upregulated 120 fold 
(Holmes et al” 2000). From the loss-of-function in the same study, 24% of dosal root 
ganglion reduction was recorded. It is also observed that transient expression of 
galanin in oligodendrocyte progenitor cells (OPCs) is important for cell proliferation 
and maturation (Shen et ai, 2005; Durand et al, 2000). So, the extensive expression 
of GAL on gestational week 9 in our data highly suggests that the appearance of 
retinal ganglion cell from retinal progenitor cell may require the expression of galanin 
during early retinogenesis. Consistently, our data showed that one of the genes 
encoded for galanin receptors, GALR3，had a high expression from gestational week 9 
to week 15 (figure 5.5). The expression of this receptor is also shown in one of the 
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datasets for human fetal eye (NbLib0065) from NEIbank. However, extensive 
functional study of GAL in eye/retina is lacked to understand the further role of this 
gene in the developmental process. 
5.2.2.3 CNTN2/SLIT 
CNTN2 (contactin 2) (also known as TAX/TAX 1 /TAG-1) encodes for protein 
belongs to immunoglobulin superfamily and well described for the formation of axon 
connection during CNS development. This protein presents on cell membrane for cell 
aggregation and neurite outgrowth (Pavlou et al, 2002). The extensive expression of 
this gene on gestational week 9 indicates that active neurite pathfinding is occurred. 
As RGCs are dramatically formed during this period of time and other retinal cells 
remain undifferentiated or in primitive form, expression of this gene may largely 
imply the neurite outgrowth activity is performing in RGCs. Moreover, the decreasing 
trend of CNTN2 may due to RGCs become mature in retina and pathfinding activity 
slow down. Certain level of CNTN2 was observed to remain in the late stage (figure 
5.6). This can be explained by the development of the subtype of RGCs in the later 
stage during retinogenesis which may also require the expression of this gene for 
further neurite outgrowth and pathfinding into CNS. Similarly, another pathfinding 
gene, SLITl, was also shown an upregulated trend from our result. It was found that 
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the expression of SLIT genes result to the RGC axon projection towards the cerebral 
cortex and diencepholon during eye development (Plachez et al, 2008). Two other 
variants in SLIT gene family, SLIT2 and SLIT3 are also highly expressed in our data. 
5.2.2.4 LMINC3 
Laminin family has been classified as structural protein for the formation of 
basement membrane for cell attachment (Colognato et al, 2000). It was found that an 
unusual, non-basement membrane associated LAMC3 (Laminin gamma 3) showed a 
differentiation and neurite outgrowth property in brain and nerual retina in both adult 
and fetus (Cserhalmi-Friedman et al, 2001; Koch et al, 1999). However, the role of 
LAMC3 on early retina development is not full known although it had been showed 
that this gene had a potential role for rod cell differentiation (Libby et al, 2000; 
Hunter et al, 1997). Interestingly, with the presence of RA and the intemuclear 
receptor, RAR, transcription of Laminin genes are actived (BoyIan et al, 2000; 
Aberdam et al, 1995). Retrospectively in our data, some genes in this family, 
including LAMA4, LAMBl, LAMB2 and LAMCl has LOWESS normalized expression 
signal 2,071, 4,507，12,622 and 1,453 respectively. 
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S2.2.5 DLX1/DLX2 
DLXl and DLX2 genes are distal-less homeobox which is important for forebrain 
development (Zhou et al, 2004; Brill, et al., 2008). In our data, both genes were 
highly synchronously expressed with Pearson correlation coefficient equal to 0.98 
(figure 5.7). It suggests that both genes may under the same regulatory pathway as a 
very strong correlation was observed. As described in section 1.4.1, these 2 genes are 
potentially important for late born-RGCs development in mouse. In mouse, Dlx2 
expression starts after 2 days of the RGCs appear in retina (de Melo et al, 2004). The 
onset of DLX2 expression in our data is similar to this finding. However, the 
expression trend does not follow the increase in number of RGGs like P0U4F1 do. 
Also, the recently proposed downstream product (de Melo et al, 2008), NTRK2 
(neurotrophic!! tryosine kinase receptor) and the related ligand, BDNF (brain-derived 
neurotrophic factor), in rat and mouse did not express in our data. This observation 
suggests that the expression of DLXl and DLX2 may lead to another picture of gene 
expression pattern in human or the alternative time frame for the temporal expression 
of these genes during eye development. Further investigation is needed to confirm the 
role and the presence of both strongly correlated genes during early retina 
development. 
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5.2.3 Genes Upregulated on Gestational Week 15 
5.2.3.1 RCVN/RCVl 
Recoverin (RCVN or RCVl) is calcium ion - binding protein which regulates the 
calcium ion concentration around photoreceptor cells. When light is present, recoverin 
release calcium ion to activate Rho (rhodopsin) for phosphorylation in photoreceptor 
cells. In contrast, during dark, recoverin binds with calcium ion to decrease the 
concentration of free calcium ion and inhibit rhodopsin activation. (Ames et al, 1995; 
Kawamura, 1993). So, RCVN becomes a reliable marker for photoreceptor cells 
(Sharma et al, 2003; Engelsberg et al, 2008). Our expression data suggests that 
photoreceptors may start to differentiate during this period of time (figure 5.7). 
However, it had been shown that recoverin may play an alternative role during 
embryogenesis by creating a centrifugal spatiotemperal distribution of retinal ganglion 
cell (Yan et al, 1997). Yan (1997) also found that the expression of recoverin in inner 
retinal layers was peaked at human gestationsl week 13 and than gradually decrease 
until birth. Further immunostainning of fetal retina is needed to confirm the temporal 
and spatial expression of recoverin in our data. 
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5.2.3.2 PAVLB 
Parvalbumin {PA VLB) is another calcium ion - binding protein and was found to 
express in RGCs and/or amacrine cell in monkey and mouse during retina 
development and transiently in postnatal stage. (Hendrickson et al, 2007; Engelsberg 
et al, 2008). Like recoverin, the function of this gene is not conclusive. However, 
with the presence of other calcium binding protein, such as calbindin and calretinin, 
may involve in the development of retinal cell subtype in different stages 
(Hendrickson et al, 2007; Yan et al, 1996). These highly dynamic proteins were also 
proposed with various functions included synaptogenesis, and neurite projections by 
regulating calcium concentration in the microenvironment (Yan et al, 1996). 
Coincidently, our data showed a consistent finding by Hendrickson, (2007) that 
expression of parvalbumin start after RGCs appear in retina and the expression 
continuously increase. 
5.2.3.3 Presence of Synaptic and Neuronal Signal Transduction Activities in 
Week 15 Retina 
Genes upregulated at gestational week 15 also showed a high preference on 
synaptic activity, which was not found at week 9. For example, SLCIA 7 gene is 
important for uptakes of neurotransmitters including glutamate, for neuronal 
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conductance (Arriza et al, 1997); KCNV2 regulates the signal propagation on neurons 
by controlling the potassium ion channel in rod and cone cells (Ottschytsch et al., 
2002; Wu et al.’ 2006); Several other transcripts including (1) PCZ)//27which was 
found to express in bilayered discs in outer segment of photoreceptor cells for signal 
transduction cascade in other studies (Rattner et al., 2001); and (2) inhibitory 
neurotransmitter receptor, GABRAG2, that used to minimize the signal firing in 
neurons. These genes were highly up-regulated at gestational week 15 for regulating 
the complex neuronal networks for signal transduction in retina from one cell to the 
others. 
5.2.3.4 Cell differentiation and Development 
Other differentially expressed genes appear in this period may also reflect the 
unique molecular characteristics of retina development at week 15.In our data, RAXLl 
{RAX2) transcript is highly upregulated and this genes is responsible for modulating 
photoreceoptor gene expression (Wang et al., 2004). As this gene locates on the 
upstream of photoreceptor cells differentiation, the high expression at week 15 may 
implies the active differentiation of photoreceptor cells from RPCs. This logic is 
further assured by the higH levels of NEUR0D2 mRNA expression, which contributes 
to the neuronal and photoreceptor cell differentiation (Ohsawa et al, 2008). INHBB 
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was highly upregulate on gestational week 15 with 198-fold change compare with 
gestational week 9. From pathway analysis, INHBB locates on the upstream of TGF-b 
pathway. This gene encodes for Inhibin B protein which dimerizes with IHHBA 
protein to inhibit proliferation but promote cell growth and cell differentiation. From 
this observation, it implies that retina at gestational week 15 undergoes active cell 
differentiation and the presence of FABP7 further implicated that glial cell 
development are also actively participated at week 15 (Feng et al, 1995) 
From the above elaboration, genes expressed at gestational week 9 are more 
enriched towards the upstream mechanism for retinogenesis such as ALDHlAl, GAL 
and SLIT. In contrast, genes highly upregulated on week 15 are dominated with genes 
in many functional roles such as calcium ion - binding, differentiation mechanism and 
signal transduction on neurons. Moreover, genes appear on gestation week 15 more 
relate to photoreceptor cells functions which may imply that the differentiation and 
development of photoreceptor cells are actively progressing during this period of time. 
From our gene expression data, the physiological statuses of cells/tissue were shown. 
This dataset is potentially representing gene expression time frame from gestational 
week 9 and week 15 for future references. By looking at the expression trends on both 
4 
gestational weeks and reference from various literatures, many potential areas for 
further retinal development studies are disclosed. Although it is not possible to discuss 
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all the expressed genes in this report, this dataset can be a prospective reference for 
other studies such as novel genes for congenital diseases and the temporal expression 
of gene between human and animals. 
5.3 Expression Characteristic of MicroRNA in Embryonic Retina and the 
Related Targets 
By using microarray method to inspect the miRNA expression, both novel and 
well known miRNAs for fetal retina were found. As described in the result section 3.6 
and table 4.9, highly expressed miRNAs in our data were found to be highly 
expressed in retina or neural tissues in other species (table 4.9). For example, 
miR-124a is prevalently expressed in mouse spinal cord, various nerves system in 
adult and fetal stage (Karali et al, 2007); miR-9 is expressed in fetal telencephalon 
and spinal cord (Karali et ai, 2007); miR-130a has a temporal expression in mouse 
embryonic central nerve system (Ryan et al, 2006); and miR-204 is only expressed in 
fetal chick and mouse eyes but not in other fetal organs (Darnel et al, 2006; Karali et 
al, 2007). All these data suggest that fetal retina express a unique miRNA expression 
profile. 
From the pathway "analysis of miRNA target genes (table 4.10), similar 
overlapping pathways, such as MAPK signaling pathway, cell cycle and focal 
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adhesion, from gene expression study (table 4.1) was observed. This coincident 
finding may imply that highly expressed miRNAs in this dataset may control the gene 
expression on those pathways to achieve proliferation and differentiation functions 
during retinogenesis. Although this finding is not very conclusive as different cells 
express different genes for miRNAs targeting, this data can give the potential function 
of target genes and the related upstream and downstream targets for further reference. 
5.3.1 Other Highly Expressed MiRNAs 
Although other highly expressed miRNAs are not investigated as extensive as 
miR-124a, some studies also showed their possible functions in biological system. 
MR-130a was found to target TACl for neurotransmitter, substance P, release (Greco 
et al., 2007); Independent studies of miR-20a and miR-106b found that both miRNAs 
target E2F in retinoblastoma pathway to control the proliferation and apoptosis 
mechanism. On the other hand, E2F protein binds to the promoter of miR-20a to 
autoregulate the expression of miR-20a (O'Donnell et al., 2005; Sylvestre et al, 2007; 
Petrocca et al, 2008); MiR-9 regulats the midbrain and hindbrain patterning and 
neurogenesis (Leucht et al., 2008). 
It was found that miR-182 was localized on the photoreceptor layer and inner 
nuclear layer in adult mouse retina (Karali et al, 2007). Also, it had been shown that 
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this miRNA had 10-fold increase in PO when compared with adult stage in mouse 
(Xu et al, 2007). However, the expression of this miRNA in human fetus is not 
fully characterized. Our data confirms that miR-182 is highly expressed in human 
neural retina and significantly up regulated in retinoblastoma (figure 4.33, figure 
4.34). Quantitative real-time PCR results of miR-182 on fetal retina and 
retinoblastoma on pervious project also showed a high expression on these 2 sample 
types (Lau, 2007). These findings suggest that miRNA-182 might not only contribute 
to normal retinal development but also associated with the pathogenesis of 
retinoblastoma which needs further investigation. 
From a miR-182 overexpression experiment, this miRNA significantly 
downregulated the caspase-3 activation in human cancer cell lines (Ovcharenko et 
al, 2007). Caspase-3 activation plays an important role in apoptosis and 
downregulation of this miRNA may involve in cancer development. This further 
supports our findings that retinoblastoma also highly expressing miR-182. As 
miR-182 expression is also very high in fetal retinas, it may suggest that this miRNA 
have an anti-apoptotic effect during retina development to increase the cell number 
and layer thickness in early retinogenesis. 
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5.3.2 Highly Expressed miRNAs and their Potential Predicted target Function 
5.3.2.1 MiR-124a 
MiR_124a is one of the well studied miRNAs in neural tissues. Although the 
whole picture of this miRNA in developmental process is not fully known, recently 
published articles in ‘Science' and 'Nature' concluded that this miRNA plays an 
overwhelming role in neural specification and differentiation mechanism. Recent 
studies found that increase in retinoic acid (RA) level in pregnant rat could reduce the 
size of spinal cord in embryo and dramatically decrease miR-124a, miR-9 and miR-9* 
expressions (Sempere et al, 2004; Zhao et al, 2008) (figure 5.9). From our gene 
expression dataset, downregulated trend of ALDHlAl was observed from gestational 
week 9 to week 15. From expression correlation study of the above gene and miRNA, 
negative correlation was observed. 
In the study of embryonal carcinoma cell line, miR-124a was found to target on 
PTBPl and the downregulation of PTBPl leaded to the promotion of correct splicing 
of PTBP2. This correct splicing activity resulted to the expression of the functional 
PTBP2 protein which switches on the global neuronal differentiation from a 
non-neuronal cell to become neuronal cell type (Makeyev et al, 2007). When we go 
back to our gene expression dataset, we can find that the average expression intensity 
signal of PTBPl and PTBP2 are 162 and 23,375 respectively. This observation is 
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similar with the finding from the above studies as increase in miR-124a lead to the 
decrease in PTBPl and then increase in PTBP2. 
Another study working on repressor element silencing transcription factor {REST) 
showed that REST transcriptionally silence the expression of miR-124a which resulted 
to increase hundreds of non-neuronal transcripts and favour the non-neural cell 
lineage differentiation (Conaco et al, 2006; Lim et al, 2005). Interesting, when this 
miRNA is increased, the upstream component, SCPl for CTDSPl), from REST 
pathway was repressed and the expression of REST also suspended which results to 
neuronal gene transcriptions start (Makeyev et al., 2008; Visvanathan et al., 2007). In 
our data, expression signal intensity of REST and SCPl are 982 and 6，132 
respectively. Although both expression signals are not very high, some residue 
expression is detected in our data. With reference from the fibroblast data, the 
expression REST and SCPl are much higher then fetal retina and retinoblastoma 
samples (figure 5.10). Moreover, this observation may also due to the highly 
upregulated REST and SCPl gene from the previous developmental stage and/or 
miR-124a does not sufficiently repress the expression of SCPl during retina 
development. Nevertheless, as described above, the presence of REST could modulate 
the expression of miR-124a which implies that expression of both SCPl, REST and 
miR-124a dynamically regulate the neuronal specification which give rise to the 
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neuronal transcripts expressed transiently during human retinal development. From 
the above observation, it may explain the strong expression of miR-124a and the 
potential role during retina development. 
From the miR124a dataset and all expressed gene dataset from figure 4.1, some 
highly expressed and highly correlated genes were selected on table 4.11. 
Interestingly, from this table, some related genes that mentioned in the previous 
paragraphs, such as Cyclin D2 protein (encoded by CCND2) which activates the 
retinoblastoma pathway to regulate cell cycle; Laminin gamma 1 coexpresses with 
laminin gamma 3 for cell adhesion and differentiation; Expression of CTDSP2 {SCP2) 
represses non-neuronal transcripts. More surprisingly, several genes such as DLX2, 
POU4F2 and GDFll, which are important for eye formation are also have a high 
correlation coefficient but have not been predicted in TargetScan analysis (table 5.2). 
These mRNAs may work upstream or downstream of miR-124a to regulate the 
development process. 
5.3.3 Expression Trends and the Corresponding MiRNAs Analysis 
From the gene expression data, we have shown that particular up- and 
down-regulated trends between gestational week 9 and week 15 were identified. So, 
we would also like to know if those trends are related to the corresponding miRNA(s) 
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found in TargetScan version 4.1. Surprisingly, highly correlated trends between the 
miRNAs and the target mRNAs were observed. Nevertheless, not all miRNAs have a 
prefect correlation relationship to the mRNAs. By looking at figure 4.29, miR-345 has 
a very distinct negative correlation with GAL expression and other miRNA 
expressions seem to be nonsense. This observation indicates that miRNA expression 
may be tissue specific for controlling gene expression. By looking at the gene 
expression and miRNA expression data, our dataset may provide a potential reference 
platform for miRNA-mRNA target prediction for retinogenesis. 
5.4 Potential Studies for Further Investigation 
Microarray produces hundreds and thousands of data which may give useful 
clues to investigate the biological systems. In this dataset, we had found some 
mRNAs and miRNAs which have not been discovered for retina development or 
presence in the eye. So, it provides a room for the study of retina development to fill 
up the unknown region. In particular, DLXl and DLX2 are recently been suggested to 
be importance during retinogenesis (de Melo et ai, 2003; de Melo et al, 2004; de 
Melo et al, 2008; Zhou et al, 2004), however, none of them has been studied in 
human retina. On the other hand, calcium - ion binding proteins are always highly 
expressed (Colognato et al, 2000; Cserhalmi-Friedman et al, 2001; Libby et al, 
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2000) in our current as well as previous study (Choy et al, 2007). These suggested 
their importance during early retinogenesis in human. To further investigate their 
biological functions, knockdown and overexpression experiments using cell line in 
vitro can be performed to further study the phenotypical and morphological changes 
of retinal cells. For miRNA, many unknown miRNAs, in particular miR-19b and 
miR-20a, were highly expressed during early retina. Further studies by in situ 
hybridization and lockdown/overexpression of these 2 miRNAs are needed to 
investigate their spatial distribution and biological functions during developmental 
process. For the relationship between mRNAs and miRNA, the complex regulatory 
networks between mRNAs and miRNAs are becoming an important issue fro 
understanding the tissue specificity and competency of cell proliferation and 
differentiation mechanism. By investigating the potential targets of the above 
miRNAs, we may shed light to predict the retinal specific miRNA-mRNA 
relationship. 
121 
Chapter 6 Conclusions 
This study established the first dataset of coding and non-coding RNAs during 
human retina development between gestational week 9 and week 15. By studying the 
mRNA expression characteristics in fetal retina, we confirmed that most highly 
expressed genes were primarily involved in cell survival and basic physiological 
functions. Unexpectedly, we found a large portion of highly expressed genes, which 
have not been identified in Eye databases (LBXI, ANKKl, NEUROG’ S0X3, 
PH0X2A and PCDHBll). These genes commonly show a neuronal specification 
which may potentially novel for retina development. Our analyses also revealed 
enrichment of genes，such as DLXl’ DLX2, GAL, LAMC3 and INHBB, that are highly 
expressed on gestational week 9 and week 15 and have never been highlighted for 
retina development. Similar observations from our miRNA studies were found, apart 
from five well documented eye specific miRNAs, a novel cluster of miRNAs 
(miR-19b, -92, -20a and -106d) are found to be differentially expressed during retina 
development. Functional annotation indicates that miR-20a and -106a are likely to be 
involved in controlling cell cycle progression in retina. Our investigation not only 
provides the first and most comprehensive gene and miRNA expression profiles 
during early human fetal retina development. Mining of the coding and non-coding 
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RNA dataset also concludes the tight interaction between miRNA and targeted gene 
transcription in retina. The identified novel genes {GAL, DLXl and CNTN2) and 
microRNAs {miR-19b, -20a and -106b) that were temporally expressed in developing 
human retina not only shed light toward elucidating the pathways and regulatory 
networks important for retinal development. This result also provides a valuable 
retina-specific gene list(s) that are worth for further investigations to gain additional 
biological insight into retinogenesis. 
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Figure 1.1 Embryogenesis of early human eye development, a) The early eye 
formation starts after the closure of neural plate to form neural tube, b) Both optic 
vesicle and optic placode from neural ectoderm and surface ectoderm start to 
invaginate at week 4 respectively, c) At gestational week 5，invagination completes 
and corneal epithelium form on surface ectoderm. The arrows show the migration of 
mesenchymal cell (MC) towards the rim of optic cup for other cell parts 
differentiation. 
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Figure 1.2 The anatomy of human eye. Human eye can be separated into anterior 
segment and posterior segment. In anterior segment, iris, cornea pupil, lens and 
aqueous humour can be found. For posterior segment, vitreous humour, optic nerve, 
retina, choroid and sclera can be found. (Modified from National Eye Institute, 
National Institutes of Health) 
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Figure 1.3 Schematic diagram of general retina structure. Ten layers and 7 cell 
types can be identified in human retina. The phototranduction is firstly triggered in 
photoreceptor layer and then the signals pass layer by layer from photoreceptor layer 
to nerve fibre layer. Signal transduction can occur vertically from photoreceptors to 
ganglion cell, or laterally amongst photoreceptors or ganglion cells. The arrows are 
showing the flow of possible signal within retina. 
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Figure 1.4 Schematic diagram of photoreceptor cells (cone and rod). Photoreceptor 
cells extend from photoreceptor layer through external limiting membrane and outer 
nuclear layer to outer plexiform layer. In outer retinal layers, different parts of 
photoreceptor cell can be found. Outer segment, connecting cilium and inner 
segment locate in photoreceptor layer; cell body locates in outer nuclear layer; axon 
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Figure 1.5 The proliferation and differentiation of neural retina between gestational 
week 6 and week 8. At week 6, retinal progenitor cells (PRCs) in germinative zone 
actively proliferate from outer layer to inner layer. A transient layer of Chievitz 
appears at week 7 and separates the neural retina into outer nuclear layer and inner 
nuclear layer. At week 8，retinal ganglion cell starts to differentiate from inner 
neuroblastic layer. 
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Figure 1.6 The time line for retinogenesis between the month and the month 
of human gestation and the corresponding time line of mouse retinogenesis between 
the El2 and the P l l (modified from Hatakeyama et al.’ 2004; Marquardt et al., 
2002). Retinal cells appearance in retina base on the competency of RPCs in 
different period.of time. Retinal ganglion cell is always the first cell type to be 
generated and then followed by cone cell, amacrine cell, rod cell, bipolar cell and 
horizontal cell. 
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Figure 1.7 Schematic diagram of Notch signaling pathway (Modified from 
Hatakeyama et al, 2004). Transmembrane notch ligand expresses in the surrounding 
cell and bind to the notch receptor on retinal progenitor cell (RPC). The binding 
leads to the cleavage of the intracellular notch domain (ICN) which translocates to 
the nucleus to complex with RGP-J protein and trigger the transcription of Hesl and 
Hes5. These genes maintain the RPCs proliferation and prevent the cell to 
differentiate to late-born retinal cell type. 
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Figure 1.8 Summary of the homeobox gene and bHLH gene expression to trigger 
particular cell type differentiation from retinal progenitor cells (Ohsawa et al, 2008). 
GCL: retinal ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer 
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Figure 1.9 Summary of molecular interactions during retinogenesis. This diagram 
summarized the recent findings on the complex transcriptional regulation from 
various literatures (please refer those references from section 1.4.1 and 1.4.2). bHLH 
genes, homeobox genes and extrinsic factors are shown to interact with each other to 
control the differentiation and development of particular cell fate. (Note: the 
interactions may not be happened at the same time since the appearance of the 
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Figure 1.10 Signal transduction pathway of sonic hedgehog (shh) (Modified from 
BioCarta). SHH molecular releases from retinal ganglion cell and then bind to the 
patched 1 receptor (PTCl) on retinal progenitor cell. The binding leads to the release 
of signal molecule on smoothened and then trigger the transcription of Gli gene. 
Transcription of Gli gene results to cell proliferation of RPCs. 
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Figure 1.11 Biogenesis of microRNA (miRNA) and posttranscriptional regulation 
of mRNA. (Filipowicz et al, 2008) To synthesize functional mature miRNA, 
pri-miRNA is first transcribed from the miRNA gene or the intron region of the 
protein-coding RNA by RNA polymerase II. The double-stranded pri-miRNA is 
then processed by Drosha-DGCR8 complex to form a pre-miRNA which contains 
� 7 0 nucleotides. Pre-miRNA transports from nucleus to the cytoplasm by exportin5 
and then further processed by Dicer-TRBP complex in cytoplasm to obtain a 20-bp 
miRNA duplexes. The double-stranded molecule separates and either one or both 
single-stranded miRNA becomes mature miRNA. To posttranscriptionally regulate 
the function of mRNA, mature miRNAs complex with argonature proteins and then 
hybridize on mRNA to repress translation process or lead to degradation of the 
mRNA molecule. 
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Figure 1.12 Summary of the expression of various miRNAs in retina and other 
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Figure 1.13 Number of the mapped loci and the identified retina disease genes 
between 1980 and 2008. Two steady increasing trends are observed and a big gap 
between the identified genes and mapped chromosome regions is found (Retinal 
Information Network). 
136 
4.00 R吵 r bar 
3.75 
3.50 ^ 
3 —— / \ 
3.00 4- V 
一.5。___ / \ 
V / \ 
1：：：： \ 
！ 1,0 \ 
1.25 V 
1.00 V 
0.75 V ‘ 
0.50 ^ ^ 
0.25 
0.00 ^ ^ • 
-0.25 
-0.42 
220 230 240 250 260 270 280 290 300 310 320 330 340 350 
Wavelength nm 
Figure 3.1 A typical RNA optical density (OD) profile exported from Nanodrop. 
The absorbance between wavelength (A) 220nm and 350nm were recorded. For a 
good quality of RNA, a valley and peak were found at A 230 and at \ 260 
respectively and then gradually decrease. Any shift of the curve would disturb the 
calculation of the OD ratio which lead to the detection of impurity in and 
concentration of the RNA sample. 
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Figure 3.2 Detection of Cy3 labelled cRNA and the corresponding specificity by 
Nanodrop ND-1000. The fluorescence peak was shown at A 550 and the cRNA 
concentration was calculated by A 260. Specificity was determined the ratio of cRNA at 
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Figure 3.3 RNA quality profile generated from Agilent 2100 Bioanalyzer. a) The 
normal RNA profile contains an elution peak, 18s ribosomal subunit peak and 28s 
ribosomal subunit peak. For ideal quality of RNA, the area ratio under 28s and 18s 
is 2:1. b) Reconstruction of gel image generates from Bioanalyzer. The intensities of 
the bands are corresponding to the peaks in RNA quality profile with the 28s/18s 
ratio equal to 1.9 
I 
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Figure 3.4 Amplified and fluorescence labelled cRNA profile from Agilent 2100 
Bioanalyzer. a) 3 characteristics were found in this profile: elution peak, free dye 
peak and the fluorescence labelled cRNA products. The free dye peak indicate the 
free fluorescence dye remain in the samples after clean up procedures. This peak 
was usually low and should not be 2 times higher than the amplified cRNA products. 
The cRNA products generally had a peak at size 200 nucleotides (nt) and then the 
product amount started to decrease from size 800nt onward, b) Reconstruction of the 
gel image from Bioanalyzer. An elongated smear was observed which represented 
the amplified products accumulating at the low molecular weight region. 
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Figure 3.5 Scatter plot of the fluorescent same fibroblast sample labelled Cy3 and 
Cy5 separately. Each spot represent the expression signals of a single gene on 
Cy3-and Cy5-labelled sample. By using fold change ^ 2 and cutoff, most of the 
genes were confined within the 2 fold difference. Also, no banana-shaped 
distribution was found with correlation coefficient = 0.998. 
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Figure 3.6 Scatter plot of 2 identical placenta miRNA separately hybridized on 2 
arrays on the same chip. Each spot represented the expression signal of an identical 
probe on 2 separated arrays. The above graph showed that the expression signals 
were centralized at Ix fold which suggests that cross array comparison was possible 
by filtering the miRNA expression within 2 fold. 
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Specificity _ Amount of fluorescence ( p mol) I Sample volume ( “ L) 
Amount of cRNA (77 g) / Sample volume ( “ L) 
Equation 3.1 Calculation of specificity from fluorescence labelled cRNA samples. 
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Table 3.1 Information of human fetal retina samples involved in this study. 
STOP: Surgical termination of pregnancy; MTOP: Medical termination of 
pregnancy. 
*The gestational weeks were determined by crown-rump length in 
ultrasonograph. 
Gestational stage Sample code Gestational week* Collection 
% ^ STOP 
9 9b 9.3 STOP 
% ^ STOP 
10a STOP 
10 10b 10.5 STOP 
10c ^ STOP 
Ha U 3 STOP 
11 l ib 11.6 STOP 
He l U STOP 
m 114 STOP 
12 12b 12.4 STOP 
]]£ ^ STOP 
m STOP 
13 13b 13.2 STOP 
V^ STOP 
14 14 14.0 MTOP 一 
15a 15^0 MTOP 
15 15b 15.5 STOP 
^ STOP 
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Table 3.2 Summary of sample selection criteria by using NanoDrop ND-1000 and 
Agilent 2100 Bioanalyzer. The above figures were suggested according to the 
manufacturer protocols. For Nanodrop, the qualified RNA samples should contain 
OD 260/280 and OD 260/230 higher than 1.8 and 1.5 respectively and the specificity 
for the labeled cRNA should be greater than 8.0 p mol/fig. For bioanalyzer, the 
ribosomal ratio of 28s: 18s was between 1.5 and 2.0 and the RNA integrity number 
should be higher than 5.5. 
Approach Condition Acceptable range 
tRNA Concentration > SOng/jjL 
tRNA OD 260/280 >1.8 
NanoDrop ND-1000 
tRNA OD 260/230 >1.5 
Labeled cRNA (Specificity) > 8.0 p mol/ng 
tRNA Ribosomal ratio 28s/l 8s 1.5- 2.0 
Agilent 2100 Bioanalyzer 
tRNA RNA Integrity Number (RIN) > 5.5 
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Figure 4.1 Histogram of expressed probes which express on the gene expression 
microarrays from gestational week 9 to week 15. Number of probes were filtered by 
flag in which only genes present or marginally present in one of the samples or more 
were fall in this cluster. In other word, probes which absent in all samples were 
discarded from this cluster. 
t* 
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Figure 4.2 Gene ontology (GO) study in nervous system development The diagram 
shows 122 (0.77%) genes are involved in neuron differentiation which includes 27 




Figure 4.3 Gene ontology (GO) study in sensory perception. The diagram shows the 
proportion of genes involved in different GO terms in which 167 (1.1%) genes were 
found in sensory perception of light stimulus. 
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m 
Figure 4.4 Gene ontology (GO) study in cell growth. The diagram shows 207 genes 
are involved in cell growth which includes 163 (1.0%) genes regulates cell growth. 
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Figure 4.5 Gene ontology (GO) study in biological process. The diagram shows the 
proportions of expressed genes involved in different GO terms in which 2,137 
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Figure 4.7 Principal component analysis of fetal retina tissues, retinoblastoma tissues 
and retinoblastoma cell line. Each spot represented gene expression dataset in 
microarray experiment of a particular sample. Retina colour spots in red represent 
fetal retina samples, yellow represent retinoblastoma tissues and blue represent 
retinoblastoma cell lines. The positions of the spots are base on the expression 
dimension of each sample which calculated from major variance of the data set. From 
this diagram, it was observed that 3 samples types were clustered separately and it 
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Figure 4.9 Gene expression profile of human fetal retina from gestational week 9 to 
week 15. Horizontal axis shows that gestational stages in which each stage has 3 
samples from identical gestational week (except gestational week 14) (please also 
refer to table 4.1). Vertical axis is the normalized intensity signal in log scale. Red 
means expression signal is high, yellow colour means moderate and blue is low. The 
colour shown in this graph is base on the signal intensity of genes expressed on 
gestational stage 9. 
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Figure 4.10 Gene expression profiles of PAX6 and SOX3 from a) hierarchical 
clustering and b) continuous line plot. Both profiles showed that PAX6 (yellow line) 
and SOX3 (white line) were expressed in fetal retinas but were downregulated in 
retinoblastoma samples. 
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Table 4.3 P0U4F1 expression data generated from gene expression microarray 
from different gestational weeks. The normalized signals were divided by the 
expression of control fibroblast from the identical gene and the minimum and 
maximum signal indicate the expression range of the replicates. NI: No 
information. 
Normalized signal Minimum signal Maximum signal 
(log scale) (log scale) (log scale) 
Gestational Stage 09 0.28 0.09 0.51 
Gestational Stage 10 0.87 0.65 1.20 
Gestational Stage 11 0.92 0.87 0.98 
Gestational Stage 12 2.06 1.58 2.43 
Gestational Stage 13 1.46 1.00 2.28 
Gestational Stage 14 1.81 NI NI 
Gestational Stage 15 ^ 2.36 
Expression of P0U4F1 in Microarray from Different Gestational Week 
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Figure 4.11 Graphical illustration of the expression pattern of P0U4F1 in retina 
from gene expression microarray between human gestational week 9 to week 15. 
An increasing trend of P0U4F1 expression was observed across the gestation 
weeks. . 
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P0U4F1 Expression Data for Real-time PGR 
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Figure 4.12 Gene expression results of P0U4F1 from real-time PGR. (n=3; 
p=0.14) 
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Figure 4.13 Retinal ganglion cell differentiation in human fetal retina. The dark 
layer is retinal pigment epithelium and the thick purple layer is outer neuroblastic 
layer. The brown layer here represents the Brn3a stained retina ganglion cells. From 
week 9 to week 15, the thickness and cell number of retinal ganglion cell is 
increased rapidly and a distinct retinal ganglion cell layer can be seen at week 15. 
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Figure 4.16 Scatter plot of differentially expressed genes fold change equal to 2 
between gestational week 9 and week 15. Horizontal axis shows the expression 
signal of genes at gestational week 15 while the vertical axis shows the 
corresponding expression signal at gestational week 9 
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Figure 4.17 Volcano plot of differentially statistical significant expressed genes 
on gestational week 9 and week 15. The horizontal axis corresponds to the fold 
change difference and the green lines on the horizontal axis indicate the cutoff in 
2 fold. The vertical axis corresponds to the -logio (p-value) and the green line 
extends from the axis indicate the p-value = 0.05 cutoff. Those yellow spots 
indicated genes within 2 fold change and p-value higher than 0.05. In contrast, 
those red spots are statistically differential expressed with p-value smaller than 
0.05 and fold change high than 2. 
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Figure 4.18 A continuous line plot for the differential expressed genes at 
gestational week 9 and week 15. The horizontal axis corresponds the 2 
independent variable of gestational week 9 and week 15 and the vertical axis is 
the normalized expression signals in logio scale. 
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Figure 4.19 Self-organizing map clustering (SOM) of the expression library base 
on the result figure 4.9. Forty two clusters with similar expression pattern are 
calculated and grouped by using SOM in GeneSpring. A upward clusters, 'cluster 
6,1，and a downward cluster, ‘cluster 1,7，were visually identified which represent 
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Figure 4.20 Selected SOM clusters from the figure 4.22. a) An upregulated trend 
on gestational week 15 with totally 920 genes is shown, b) An upregulated trends 
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Figure 4.23 Results comparison between microarray experiment and quantitative real-time 
PCR validation of temporal expressed genes on gestational week 9. a) Highly upregulated 
genes expression on gestational week 9 compare with gestational week 15 in microarray 
data, b) The corresponding fold change results from quantitative real-time PCR to validate 
the expression of selected genes from microarray data. 
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Figure 4.24 Results comparison between microarray experiment and quantitative real-time 
PCR validation of temporal expressed genes on gestational week 15. a) Highly upregulated 
genes expression on gestational week 15 compare with gestation week 9 in microarray data, 
b) The corresponding fold change results from quantitative real-time PCR to validate the 
expression of selected genes from microarray data. 
169 
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r m m \ \ 27,814 / / 
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human Fetal 12 178 in 
Retina: 8,845 common 2.540 
Figure 4.25 Gene cluster specifically find in this study by compare with RetinaCentral 
database. A non-redundant gene cluster is created from gene expressed in our dataset. The 
filtered gene list compares with the database from RetinaCentral shown in the venn 
diagram. Finally, 8,845 genes are isolated from the database 
I 
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Figure 4.26 Histogram of miRNA expression distribution of all 470 miRNAs. 
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Figure 4.28 The correlation distribution of miR-124a and mRNAs (the assorted mRNA 
gene list was based on figure3.9 which shows all the expressed probes on our arrays). 
I* 
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Figure 4.30 Scatter plot of miR-345 and GAL.MiR-345 and GAL are strongly negatively 
correlated with each other with Pearson correlation coefficient equal to -0.913 and p-value 
equal to 0.011 
< 
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Figure 4.31 Expression profiles of DLXl and the corresponding miRNAs searched from 
TargetScan 4.2. MiR-19a and miR19b are strongly negatively correlated with DLXl with 
Pearson correlation coefficient equal to -0.786 and -0.849 respectively and p-value equal to 
0.064 and 0.033 respectively. 
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Figure 4.32 Expression profiles of DLX2 and the corresponding miRNAs searched from 
TargetScan 4.2. MiR-124a and DLX2 are strongly negatively correlated with each other 
with Pearson correlation coefficient equal to -0.947 and p-value equal to 0.004 
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Figure 4.33 In situ hybridization (ISH) of miR-182 of human fetal retina on gestational 
week 9 and week 17. MiR-182 is highly expressed in retinoblastic layer at week 9 and 
within the retinal ganglion cell and INL layers of week 17 retina, (a &c) the posterior 
region of human fetal retina on gestational week 9 and week 17 respectively, (b & d) 
Anterior region of human fetal retina on gestational week 9 and week 17 respectively. 






























































































































































Table 4.1 KEGG pathway analysis from GeneSpring 7.3.1. Table shows those probes 
(27,814) expressed in the arrays significantly overlap in different pathways 
Human KEGG Pathways Number of common genes % of gene p-value 
with each pathway overlap with 
the pathway 
Ribosome m ^ 8.28E-30 
Oxidative phosphorylation 148 93.7 2.39E-15 
Notch signaling pathway 60 90.9 8.95E-06 
Cell cycle 267 90.2 4.98E-20 
Pyrimidine metabolism 114 89.1 1.53E-08 
Adherens junction 129 89.0 2.04E-09 
Apoptosis 113 88.3 5.71E-08 
TGF-beta signaling pathway 117 87.3 1.38E-07 
Insulin signaling pathway 190 87.2 2.65E-11 
Focal adhesion 276 86.8 3.00E-15 
Wnt signaling pathway 208 83.5 1.16E-08 
Arginine and proline metabolism 70 83.3 0.00099 
MAPK signaling pathway 413 82.9 9.71E-15 
Axon guidance 178 82.8 4.56E-07 
Tight junction 191 82.7 2.12E-07 
Purine metabolism 180 82.6 5.70E-07 
Fructose and mannose metabolism 60 82.2 0.0043 
Glycan structures - biosynthesis 1 119 82.1 7.78E-05 
Adipocytokine signaling pathway 91 82.0 0.00057 
ECM - receptor interaction 109 81.3 0.00031 
Glycolysis Gluconeogenesis 77 81.1 0.00276 
Tryptophan metabolism 99 79.8 0.00192 
Hedgehog signaling pathway 61 79.2 0.018 
Glycan structures - biosynthesis 2 80 79.2 0.00743 
GnRH signaling pathway 113 79.0 0.00191 
Regulation of actin cytoskeleton 264 78.6 6.80E-06 
Gap junction ‘ 104 78.2 0.00521 
Glycerophospholipid metabolism 71 76.3 0.045 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.6 Assorted gene ontology terms under the category of molecular function and 
biological process. The analysis is base on the common gene lists (Appendix V) obtained 
from volcano filtering and SOM clustering. 
Genes upregulated on Genes upregulated on 
gestaional week 9 gestaional week 15 
Number of % of gene Number % of gene 
genes involved of genes involved 
Development ^ 19.03 % ^ 13.51 % 
morphogenesis 26 9.00 % 22 5.71 % 
organ development 21 7.27 % 12 3.12 % 
tissue development 2 0.69 % 3 0.78 % 
regulation of development 2 0.69 % 5 1.30 % 
pigmentation during development 1 0.35 % 0 0.00 % 
embryonic development 1 0.35 % 1 0.26 % 
post embryonic development 1 0.35 % 1 0.26 % 
pattern specification 1 0.35 % 1 0.26 % 
Response to stimulus 31 10.73 % 42 10.91 % 
sensory perception 3 1.04 % 18 4.68 % 
sensory perception of light 3 1.04 % 17 4.42 % 
Giwth 10 3.46 % 6 1.56% 
Binding activities W 43.94 % OT 51.95% 
protein binding 51 17.65 % 88 22.86 % 
nucleic acid binding 38 13.15% 49 12.73 % 
DNA binding 31 10.73 % 34 8.83 % 
RNA binding 4 1.38% 3 0.78 % 
Cell differentiation H 3.81 % ^ 5.71 % 
neuro differentiation 3 1.04% 7 1.82% 
photoreceptor differentiation 0 0.00 % 1 0.26 % 
Cell proliferation 6 2.08 % 10 2.60 % ^ 
positive regulation of cell proliferation 2 0.69 % 1 0.26 % 
Negative regulation of cell proliferation 0 0.00 % 5 1.30% 
Cell cycle 10 3.46 % 5 1.30% 
positive regulation Of cell progression 1 0.35 % 0 0.00 % 
through cell cycle 
Negative regulation of cell progression 2 0.69 % 3 0.78 % 
through cell cycle 
184 
Figure 4.7 Selected genes from common gene list on week 9 and week 15 for quantitative 
real-time PCR. The biological function and process are base on description in NCBI Entrez 
Gene and Online Medelian Inheritance in Man (OMIM). 
Gej^ e Normalized NEI (Human 
^ Biological function/process Fold P-Value retina/ fetal 
Name Change whole eye) 
Gestational ALDHlAl Retinal dehydrogenase activity 47.66 0.0106 ‘ 
week 9 GAL neuropeptide hormone activity 28.89 0.012 * 
DLX2 Forebrain development 13.03 0.0256 ^ 
CNTN2 Formation of axon connections 11.18 0.028 * 
DLXl survival of inhibitory neurons in 7.64 0.0151 * 
forebrain 
Clorfl06 6.11 0.0318 * 
RBM24 5.73 0.0354 ^ 
COL4A6 4.73 0.0369 ^ 
FOXDl 4.51 0.0357 ^ 
SLITl Neurogenesis 4.48 0.0222 * 
LAMC3 Differentiation and neurite outgrowth 4.46 0.0219 * 
RAB31 4.25 0.0455 “ 
STRA6 stimulated by retinoic acid gene 6 4.05 0.0395 V 
homolog 
Gestational RCVRN Visual perception 293.07 0.0305 ^ 
week 15 SLC1A7 synaptic activity 246.92 0.0068 ^ 
INhbb Cell differentiation, inhibit cell 197.91 0.00676 Z 
proliferation 
NEUR0D2 Neurogenesis, maintain neuronal cell 129.43 0.032 * 
fate 
• L I Visual persception 101.82 0.0389 ^ 
KCNV2 Regulate neurotransmitter release 75.97 0.0339 ^ 
RRAD 73.19 0.0065 ^ 
EGFLAM Calcium binding 56.81 0.0344 ^ 
RAXLI modulating photoreceptor gene 53.51 0.0348 * 
expression 
PCDH21 Maintenance of neuronal nectwork 30.91 0.0442 ^ 
FABP7 Brain fatty acid binding protein 23.13 0.0375 ^ 
GABRG2 Inhibitory neurotransmitter 12.49 0.0411 ^ 
PVALB . high affinity calcium-ion binding 12.38 0.049 ^ 
protein 
ACP5 11.12 0.0364 ^ 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.10 Pathway analysis from GeneSpring shows the related pathway and target genes 
from the top 10 highly expressed miRNAs. The first column is the top 20 pathways 
selected base on the number of genes involve. Second column is the number of genes that 
involved to the corresponding pathway. The third column is the p-value of the significant 
distribution of those genes in the pathway. The p-value calculation on each row is base on 
how these genes distribute in the corresponding pathway better than the random population. 
I f p-value is small enough, this mean those genes are significant locates in the pathway. 
Number of Gene 
Genes overlapping from KEGG Pathways analysis P-value 
Involved 
MAPK signaling pathway - Homo sapiens 74 1.70E-09 
Cell cycle - Homo sapiens 44 3.09E-06 
Regulation of actin cytoskeleton - Homo sapiens 38 0.0034 
Focal adhesion - Homo sapiens (human) 37 0.00236 
Neuroactive ligand-receptor interaction - Homo sapiens 37 0.0458 
Purine metabolism - Homo sapiens 30 0.000418 
Glycan structures - biosynthesis 1 - Homo sapiens 28 1.22E-06 
Insulin signaling pathway - Homo sapiens 26 0.00704 
Tight junction - Homo sapiens 25 0.0248 
Axon guidance - Homo sapiens 24 0.0197 
Leukocyte transendothelial migration - Homo sapiens 24 0.0068 
Butanoate metabolism - Homo sapiens 22 7.90E-11 
Cell adhesion molecules (CAMs) - Homo sapiens 22 0.0364 
Cell Communication - Homo sapiens 20 0.00344 
Lysine degradation - Homo sapiens 20 1.12E-06 
Bile acid biosynthesis - Homo sapiens 19 9.69E-09 
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Figure 5.1 Summary of pathway interactions from KEGG pathway analysis. Highly 
occupied pathways are interacted with each other to control cell proliferation, 
differentiation and development during early retinogenesis. 
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Figure 5.2 Expression tread of ALDHlAl nomalized by control signals. 
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Nature Reviews | Genetics 
Figure 5.3 The retinoic acid metabolize pathway between egg yolk and placenta 
summarized by Niederreithe (2008) in ‘Nature Reviews Genetics，. 
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Expression of Retinoic Acid Metabolic Pathway Related Genes 
6 
—5 — - I _ _ 
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Genes 
Figure 5.4 The expression of other genes involved in retinoic acid metabolic pathway. 
ALDHlAl and STRA6 have a decreasing while others genes have a stable expression 
from gestational week 9 to week 15. 
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Galanin Receptor (GALR) Expression Signal 
GALRl GALR2 GARL3 
LOWESS ^ LOWESS LOWESS 
Signal Signal 」Signal 
normalized normalized normalized 
. , (Logio) . (Logio) . , (Logio) 
signal signal signal 
Gestational Week 09 21.58 ]L33 63.77 15780 4.20 
Gestational Week 10 13.83 1.14 85.15 1.93 11567 4.06 
Gestational Week 11 11.95 1.08 172.90 2.24 14790 4.17 
Gestational Week 12 9.30 0.97 204.40 2.31 21072 4.32 
Gestational Week 13 10.22 1.01 132.30 2.12 14501 4.16 
Gestational Week 14 10.44 1.02 105.30 2.02 16933 4.23 
Gestational Week 15 11.56 1.06 103.20 2.01 12423 4.09 
Gene Expression Signal of GAL Rcccptors 
5.0 
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^ 4.0 n n n n n n -
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Figure 5.5 Expression signal of various galanin receptors in our data. 
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Figure 5.6 Expression signal of CNTN2 from gestational week 9 to week 15. 
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Control Normalized Signal ^ 
DLXl DLX2 
Gestational Week 09 2.44 4.36 
Gestational Week 10 1.80 2.30 
Gestational Week 11 1.08 1.33 
Gestational Week 12 0.80 0.77 
Gestational Week 13 0.90 0.89 
Gestational Week 14 0.74 0.55 
Gestational Week 15 0.38 0.33 
Pearson correlation coefficient: 0.98 
Expression Signal of D L X l and D L X 2 from Gestational Week 9 to Week 15 
笼 6.00 D 
I 5 . 00 
I 4 00 r "1 — 
g T a D L X l 
I 3 .00 ~ — 口 D L X 2 _ 
1 2 . 卯 — i f ] — — 
1 100 — — 絲 
5 0.00 I I • [ I I p ^ I m I m I 
Gestational Gestational Gestational Gestational Gestational Gestational Gestational 
Week 0 9 Week 10 Week 1 1 Week 12 Week 13 Week 14 Week 15 
Gestational week 
Scatter plot of the Control Normalized Expression Signal D L X l and D L X 2 
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Figure 5.7 Expression of DLXl and DLX2 and the corresponding correlation, a) the 
control normalized expression signal of DLXl and DLX2. b) the expression trend of 
DLXl and DLX2. c) scatter plot of the control normalized expression signal between 
DLXl and DLX2. . 
199 
Control Normlized Expression Signal of Recoverin from Gestational Week 9 to Week 15 
.决::,〜:_:::『广：二:』、、::::):...• • -:: ：； t : : . j. ： ‘. •、： ：^、，.-
二’禪- < • • 这•念、r。 ‘ \ 
2 — 1 … ‘ . . ‘ . ‘ . • . 一 . . … m i :、. . • … ‘ 
g • \ - v ' - -, ‘ . .. V.... • ' i s ^ ^ B M - ' f h 
11.5 ’ 认 「 ， 、 • ^ 漏 ! 
Gestational Gestational Gestational Gestational Gestational Gestational Gestational 
Week 09 Week 10 Week 11 Week 12 Week 13 Week 14 Week 15 
Gestational week 
Figure 5.8 Expression trend of RCVN from gestational week 9 to week 15. 
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ALDHlAl mm-124a 
Gestational Week 09 15,621 6,409 
Gestational Week 10 5,578 7,239 
Gestational Week 11 1,643 13,646 
Gestational Week 12 1,546 25,281 
Gestational Week 13 628.4 30,247 
Gestational Week 15 465.6 40,809 
Pearson correlation coefficient to ALDHlAl --0.703 
Expression Correlation Coefficient of ALDHlAl and the Related MiRNAs 
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Figure 5.9 Expression correlation between ALDHlAl and miR-124a, -9 and -9* a) 
normalized expression signal from gestational week 9 to week 15. b) the expression 
trend of ALDHlAl and miR-124a, -9 and -9* from gestational week 9 to week 15. 
(Gestational week 14 did not put into the analysis as only one sample is collected in 
this week.) 
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LOWESS Normalized Expression Signal 
REST SCPl 
Retinoblastoma 412 4,570 
Fetal retina 982 6,132 
Fibroblast 19,646 
Pearson correlation coefficient = 0.986 
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A p p e n d i x I I 
List of Taqman probes designed for real-time PCR with gene name and the 
corresponding annotations and sequence. 
Gene 
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